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Abstract

The biology of post-concussive symptoms is unclear. Symptoms are often increased during activities, and have been
linked to decreased cerebrovascular reactivity and perfusion. The aim of this study was to examine cerebral blood flow
(CBF) in children with different clinical recovery patterns following mild traumatic brain injury (mTBI). This was a
prospective controlled cohort study of children with mTBI (ages 8 to 18 years) who were symptomatic with post-
concussive symptoms at one month post-injury (symptomatic, n=27) and children who had recovered quickly (asymp-
tomatic, n=24). Pseudo continuous arterial spin labeling magnetic resonance imaging (MRI) was used to quantify CBF.
The mTBI groups were imaged at 40 days post-injury. Global and regional CBF were compared with healthy controls of
similar age and sex but without a history of mTBI (n=21). Seventy-two participants (mean age: 14.1 years) underwent
neuroimaging. Significant differences in CBF were found: global CBF was higher in the symptomatic group and lower in
the asymptomatic group compared with controls, (F(2,69) 9.734; p <0.001). Post-injury symptom score could be predicted
by pre-injury symptoms and CBF in presence of mTBI (adjusted R*=0.424; p<0.001). Altered patterns of cerebral
perfusion are seen following mTBI and are associated with the recovery trajectory. Symptomatic children have higher
CBF. Children who ‘‘recovered”” quickly, have decreased CBF suggesting that clinical recovery precedes the cerebral
recovery. Further longitudinal studies are required to determine if these perfusion patterns continue to change over time.
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Introduction

THE POTENTIAL FOR LONG-TERM CONSEQUENCES after mild
traumatic brain injury (mTBI) (including concussion) is a
significant public health concern. As many as one in five children
will sustain an mTBI before the age of 16 years,"? and 13% con-
tinue to have post-concussive symptoms for 3 months or longer.3‘4
Although the pathophysiology of the acute injury is fairly well
understood, the neurobiological explanations for prolonged
symptoms are not.”® As we search for better treatments, it becomes
very important to try to determine the neuropathological under-
pinnings of poor outcome.

Routine clinical neuroimaging has not been able to provide a
biological marker for persistent post-concussive symptoms. These
symptoms are often increased during activities such as homework

and physical exercise,”® and have been linked to increased cortical
network activation”'® and decreased cerebrovascular reactivi-
ty.!12 Alterations in cerebral blood flow (CBF), although well
documented in moderate/severe TBI, is not well described in mTBI
and post-concussion syndrome (PCS)."*~'> For example, Maugans
and colleagues reported an overall decrease in CBF in 11 children
at a variety of time-points following mTBI, and although most
children had a good recovery there was considerable CBF hetero-
geneity within the sample.'® It is important to examine the con-
tribution of CBF alterations as decreased cerebral perfusion in a
condition of increased metabolic requirement (i.e., with increased
network activation or exercise) could lead to an increase in sec-
ondary injury and/or an exacerbation of symptoms of PCS. In ad-
dition, cerebral perfusion could be an objective biomarker of
cerebral recovery in children with mTBI.
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Arterial spin labeling (ASL) is a quantitative method of asses-
sing cerebral tissue perfusion using magnetic resonance imaging
(MRI)."” It is performed without manipulating the cerebral circu-
lation (e.g., using inhaled gases) or contrast agents and is therefore
particularly suitable for research with children.'® It is intrinsically
quantitative and reproducible allowing it to be used for longitudinal
evaluation.'® The aim of this study was to examine cerebral per-
fusion changes using ASL-MRI in children with different clinical
recovery patterns following mTBI. Specifically, we investigated
whether children who had failed to recover at one-month post-
injury (symptomatic) had different CBF compared with children
who had recovered (asymptomatic) and healthy control children.
We hypothesized that children with ongoing symptoms would have
different cerebral perfusion when compared with children who had
recovered following an mTBI and with healthy controls.

Methods

This prospective controlled cohort study was performed as part
of the Play Game Trial, which is a randomized controlled trial
of melatonin for the treatment of PCS following mTBI (https://
clinicaltrials.gov/ct2/show/NCT01874847).%° This is a randomized
controlled treatment trial of post-concussion symptoms in children
using melatonin for 4 weeks and involved comprehensive assess-
ments before and after treatment including imaging and cognitive
assessments. Here, we report pre-treatment assessments. Ethical
clearance was granted by the University of Calgary Conjoint Health
Research Ethics Board (REB13-0372).

Screened in ED
(n=697)

Y

Satisfied inclusion
criteria + consent to
contact (n=244)

997

Participants

Potential participants were identified from children with an mTBI
presenting to the emergency room (ER) or the concussion clinic at the
Alberta Children’s Hospital (ACH) within 2 weeks of injury. mTBI
was defined as an impact to the head or body resulting in at least one
of the following: an observed loss of consciousness (<30 min), a
Glasgow Coma Score of 13-15, or at least one acute symptom
suggesting neurological dysfunction attributable to the injury (e.g.,
headache, confusion, vomiting, amnesia, balance problems).3 21,22
Concussion is considered to be part of the spectrum of mTBL?
Consent to contact was obtained in 231 potential participants at 3 to 4
weeks post-injury (see Fig. 1). Clinical and neuroimaging assess-
ments were performed at approximately 40 days post-injury.

Inclusion criteria. Included children (8 to 18 years) with mTBI
who consented to telephone follow-up at 4 weeks post-injury.

Exclusion criteria. Included suspected child abuse, alcohol or
drug use at the time of injury, significant past medical/psychiatric
history, English as a second language, a previous TBI within the
last 3 months, failure to recover from a previous mTBI, contrain-
dications/inability to have an MRI scan, and/or the use of psy-
choactive medications.

Children with a history of mild learning difficulties or attentional
problems were not excluded. One-hundred sixteen children were
contacted. Consent was obtained in 53 participants. Healthy con-
trols satisfying the exclusion criteria and without a history of TBI
were recruited (n=21). These children were identified by mTBI

d 134 not eligible

IR (43 met exclusion criteria

87 unable to contact

\_ 4 unable to schedule)

A 4

110 eligible for study
h 4 h 4
Symptomatic (n=54) Asymptomatic (n=56)

Y

Y

Symptomatic enrolled
(n=34)

Asymptomatic enrolled
(n=26)

Healthy controls
(n=24)

v

v

v

Analyzed (n=27)
MRI not completed (n=6)
withdrew (n=1)

Analyzed (n=24)
MRI not completed (n=2)

Analyzed (n=21)
MRI not completed (n=2)
excluded (n=1)

FIG. 1.

Consort diagram depicting enrollment through to analysis: Children with mTBI were identified in the ED (n=244) and

enrolled at 3 to 4 weeks post-injury (n=_84). ED, emergency department; mTBI, mild traumatic brain injury.
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participants, that is, siblings or friends. As perfusion is known to
vary during childhood and adolescence, healthy controls were se-
lected to be similar in age and sex.”*

Post-Concussion Symptom Inventory (PCSI). This is an
age-appropriate, standardized questionnaire that was used to assess
PCS symptoms. This validated questionnaire provides ratings for
26 symptoms and an overall rating of PCS symptoms following
mTBL**>*" Individual scores for each symptom (0-6), a total
symptom score (0-156), and a ‘“‘degree of difference from pre-
injury”’ score (0—4) were obtained. The participants completed the
questionnaire for their pre-injury status at enrollment, and their
post-injury PCSI score was performed on the day of the MRI scan.

Recovery status. Children were considered to be symptom-
atic if they reported a 2-point increase in two or more symptoms
compared with baseline and a score =1 to the PCSI question: In
general, to what degree do you feel “‘differently’’ than before the
injury (rated from ““0”’ [no difference] to ““4”’ [major difference])?
or asymptomatic if there was no increase in symptoms and a score
of zero to the “feeling different” question.*

QOutcome measures

CNS vital signs. Al participants were administered the CNS
Vital Signs computerized cognitive battery. This test provides a rapid
assessment of cognitive abilities. It has been normed for use in
children and adults between 7 and 90 years and has adequate test-
retest reliability in children and adolescents (Pearson’s r=0.63—
0.82), and concurrent validity with traditional neuropsychological
measures.”>? Itis a valid measure of cognitive skills in children with
neurological disorders,®® including TBI.*"** The Neurocognition
Index (NCI) is a summary score that is the average of five domain
scores: Composite Memory, Psychomotor Speed, Reaction Time,
Complex Attention, and Cognitive Flexibility. All domain scores on
the CNS Vital Signs are normalized to a mean of 100 and standard
deviation of 15. The NCI was used to provide an overall estimate of
cognitive function. Complex attention, cognitive flexibility and ex-
ecutive function domains are sensitive to change in mTBIL?®

Image acquisition and pre-processing

All participants received 3.0T MRI scans on a GE MR750w
Discovery scanner using a 32-channel head coil (MRI Instruments).
The imaging protocol included a 5-min 30-sec anatomical 3D T,
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BRAVO with 0.8 mm? isotropic resolution over the whole brain. The
vendor-supplied 3D pseudo-continuous ASL sequence was per-
formed with post-labeling delay of 2.0 sec. In-plane spatial resolution
was 3.2 mm?. Thirty-four 3.5-mm thick slices were acquired in a total
scan time of 5 min. The 3D ASL scan was automatically processed
into quantitative CBF maps using the scanner-integrated pipeline
with default settings (partition coefficient of 0.9; blood T of 1.6 sec).
Anatomical BRAVO was segmented into five tissue probability maps
(gray matter, white matter, cerebral spinal fluid, skull, skin) using
Statistical Parametric Mapping (SPM) 12 (www.fil.ion.ucl.ac.uk/
spm/software/spm12). The raw perfusion-weighted ASL image and
CBF maps were co-registered to the gray matter probability density
map to account for motion between the T and ASL scans. The CBF
maps were then normalized to Montreal Neurological Institute space.

Statistical analysis

Normality tests (Kolmogorov-Smirnov) for all measures were
conducted using IBM SPSS version 22.0. Skewed data (PCSI) were
analyzed with non-parametric tests. Between-group effect sizes
were calculated using Cohen’s f23 effect sizes, and 0.02, 0.15, and
0.35 are termed small, medium, and large, respectively.>® Corre-
lations between CBF and age, group, family income (as a marker of
socioeconomic status [SES]), and the NCI were performed. SPM 12
was used to analyze the processed CBF maps. A gray-matter mask
was created using a tissue probability map where gray matter
probability was >40% to constrain the statistical comparisons to
gray matter only. A one-way analysis of variance (ANOVA) was
used to compare the symptomatic, asymptomatic, and healthy
control groups. Post hoc independent samples ¢ tests were subse-
quently used to detect differences between patient groups. Only
regions that were p <0.05 and voxels clusters >100 were consid-
ered. General linear models with main effects for sex, group/mTBI,
PCSI score, NCI, and global CBFwere fitted to the data and pre-
injury PCSI was included as a covariate.

Results

Eighty-four participants consented to the study; see Figure 1. Ten
participants either could not tolerate MRI or ended the MRI session
before ASL-MRI was performed (6 symptomatic, 2 asymptomatic,
and 2 control participants). One healthy control participant was ex-
cluded due to the presence of a benign tumor. Neuroimaging was
obtained in 72 participants (mean age: 14.1 years; 95% confidence
intervals (CIs): 13.5-14.8). The sociodemographic information of
the participants is shown in Table 1. The groups were similar in age,

TABLE 1. DEMOGRAPHIC INFORMATION OF PARTICIPANTS WHO WERE SYMPTOMATIC AND ASYMPTOMATIC
AFTER AN MTBI AND HEALTHY CONTROLS

Symptomatic (n=27)

Asymptomatic (n=24)

Control (n=21)

(95% ClI) (95% CI) (95% CI)) Statistical test P
Age (years) 14.03 (12.92-15.13) 14.09 (13.10-15.08) 14.40 (12.89-15.09) - -
Male (%) 44 50 40 - -
Right-handed (%) 78 88 95 7> =2.89 0.236
Mean family income (CA$) 117865 (108,325-127,405) 125000 (100,962-149,037) 123433 (96,107-150,759) F (2,71)=0.13 0.879
Previous concussion (1) 12 4 0 X2=4~55 0.033
Previous attention 2 1 0 ¥*=0.23 0.633

problems (n)

Pre-injury PCSI, median 2.0 (range: 0-7) 0 (range: 0-27) 2.0 (range: 0-21) K=11.33 0.003
Time since injury (days) 40.63 (38.45-42.81) 40.08 (36.05-44.11) - t(49)=-0.25 0.801
Post-injury PCSI, median 36.0 (range: 6-22) 2.5 (range: 0-26) U=607 <0.001

Neurocognition Index 94.1 (88.4-99.9)

104.1 (99.9-108.2)

102.7 (97.0-108.3) F (2,67)=5.75 0.005

The symptomatic group had worse cognitive function post-injury when compared with the asymptomatic and healthy control groups.
CAS$: Canadian dollars; CI, confidence intervals; mTBI, mild traumatic brain injury; PCSI, Post-Concussion Symptom Inventory score.
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FIG. 2. A scatterplot demonstrating the correlation between cognitive function (Neurocognition Index) and global CBF. Cognitive
function was predicted by CBF only in the mTBI group (significant interaction effect between CBF and mTBI; beta=-2.16, p=0.028),
R2=0.165, p=0.008. CBF, cerebral blood flow; mTBI, mild traumatic brain injury.

sex, and family income. Although the causes of injury were het-
erogeneous, mTBI was attributable to a sport-related injury in 60%
of participants (54% symptomatic vs. 45% asymptomatic groups).
Participants in the symptomatic group were more likely to have a
history of previous concussion compared with the asymptomatic
group (x> =4.55; p=0.033). The concussions were >3 months before
the present injury, and all participants reported recovery from any
previous concussion. Symptomatic participants were not more likely
to have a history of attentional problems compared with the
asymptomatic group. In keeping with their symptomatic status, post-
injury PSCI scores were higher in the symptomatic group compared
with the asymptomatic group. The scores on the NCI differed

between groups (F(2,67), 5.75; p=0.005), and were lower in the
symptomatic group (mean=94.2, 95% Cls: 88.4-99.9; Table 1).
All participants were normotensive on the day of testing. Ima-
ging was performed at the same time post-injury in symptomatic
and asymptomatic participants: 40 (standard deviation [SD] 7.6)
days (p=0.801). Significant differences in CBF were found be-
tween all groups at 40 days post-injury. Mean global CBF differed
significantly between groups: the symptomatic group had a higher
global CBF, 70.23(SD 6.80) mL/100 g/min, compared with the
healthy control group, 65.94 (SD 7.94) mL/100 g/min, and the asymp-
tomatic group had a lower global CBF, 59.57 (SD 7.13) mL/100g/
min (F (2,71) 9.734 p<0.001). The differences of CBF between

TABLE 2. REGRESSION MODEL SUMMARY PREDICTING PoST-INJURY POST-CONCUSSION SYMPTOM INVENTORY SCORE

R R square Adjusted R square dfl dfr2 Sig. F change
.0676 0.457 0.424 4 64 <0.001
Standardized coefficients 95.0% Cls

Model Beta t Sig. Lower bound Upper bound

1 (Constant) 0.960 0.341 —-80.592 229.801
Mean CBF —0.487 —-1.237 0.221 -3.775 0.888
TBI —1.258 —-1.660 0.102 —-156.825 14.482
Pre-injury PCSI 0.372 3.934 <0.001 0.580 1.776
TBIXx CBF 1.765 2.119 0.038 0.078 2.661

CBEF, cerebral blood flow; Cls, confidence intervals; PCSI, Post-Concussion Symptom Inventory score; TBI, traumatic brain injury.
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TABLE 3. REGRESSION MODEL SUMMARY PREDICTING NEUROCOGNITION INDEX

R R square Adjusted R square df1 a2 Sig. F change
0.442 0.196 0.158 3 64 0.003
Standardized coefficients 95.0% Cls

Model Beta t Sig. Lower bound Upper bound

1 (Constant) 1.945 0.056 —-1.636 122.131
Mean CBF 0.511 1.483 0.143 —-0.238 1.609
Group 2.263 2.057 0.044 0.891 60.660
Group X CBF -2.767 -2.281 0.026 -0.937 -0.062

Group-coded Control (1), Asymptomatic (2), and Symptomatic (3).
CBF, cerebral blood flow; CIs, confidence intervals.

groups had a large effect size (Cohen’s f* =0.422). Within the mTBI
groups, the number of previous concussions was not significantly
correlated with global CBF (Pearson’s r=—.165; p=0.350).

CBF correlated with the sex (female) (p 0.284; p=0.017), PSCI
(p 0.290; p=0.016), Group (p 0.278; p=0.021), and NCI (r-0.371;
p=0.002) but not with age or SES. Variables that correlated at the
p <0.1 significance level in univariate analyses (Sex, Group, PCSI,
and CBF) were included in a multiple linear regression analysis to
predict PCSI and NCI. There were significant interaction effects
between group X CBF, and TBIx CBF (see Fig. 2). Pre-injury PCSI
(beta=0.372, p<0.001) and mTBIx CBF (beta=1.765, p=0.038)
were significant predictors of post-injury PCSI, but not CBF or TBI
independently. Overall, the model predicted 42% of the variance in
post-injury  post-concussion symptoms (adjusted R*=0.424;
p<0.001), see Table 2. NCI could be predicted by Group (control,
asymptomatic, symptomatic; beta=2.336, p=0.0243) and Group X
CBF (beta=-2.134, p=0.037), with the overall model predicting
16% of the variance (adjusted R2=0.158; p=0.003), see Table 3.

Regional CBF analyses demonstrated that those children who
were symptomatic at 5 to 6 weeks post-injury had regions of higher
CBF when compared with controls, especially in the bilateral in-
ferior frontal and occipital regions (overall pg.;<0.05, voxel
cluster-level >100, see Fig. 3). There were no regions of decreased
perfusion when compared with asymptomatic participants or
healthy controls (Fig. 4). In contrast, asymptomatic participants had
lower CBF especially in the inferior temporal and parietal regions
compared with healthy controls (overall p.,; < 0.05, voxel cluster-
level >100, see Fig. 5 at 5 to 6 weeks post-injury). There were no
significant voxel clusters where asymptomatic patients had greater
perfusion than healthy controls.

Discussion

We have demonstrated significant differences in cerebral per-
fusion following mTBI that is dependent on recovery. Our results
indicate that cerebral perfusion is significantly higher in children
with mTBI who are symptomatic when compared with healthy
controls. Further, we have also demonstrated that children who
have clinically “‘recovered” may still have ongoing changes in
cerebral perfusion, that is, decreased cerebral perfusion, and so may
not be fully ‘“‘neurologically” recovered.

CBF is related to cerebral perfusion pressure, blood viscosity,
vessel length, and inversely related to the radius of the blood
vessel (Hagen-Poiseuielle’s law).>* In practice, especially in
mTBI, changes in CBF are related to changes in cerebral perfusion

pressure and vessel reactivity, that is, cerebral autoregulation, as
blood viscosity and vessel length are unchanged. CBF alterations
are well described following moderate and severe TBI, and occur
more commonly in children than adults.'**>=7 Following severe
forms of TBI, there is an acute decrease in CBF in the first day (the

MNI Coordinates (Anatomical area) | Cluster Size (Voxels) | p-value
54 -30 24 (R supramar ginal) 103 0.028
-52 -50 22 (L middle temporal) 144 0.011
36 42 12 (R middle frontal) 108 0.025
56 -42 12 (R middle temporal) 117 0.020
34 -82 10 (R middIe occipital) 299 0.001
26 28 -22 (R inferior frontal, orbital) 105 0.027
-8 -102 8 (L superior occipital) 141 0.012
-18 50 -18 (L supraorbital frontal) 151 0.010
-8 32 -14 (L rectus, inferior frontal) 141 0.012
-34 -74 -14 (L fusiform) 132 0.015

FIG. 3. The regions where cerebral perfusion is significantly
greater in children who remained symptomatic at 40 days following
an mTBI when compared with healthy controls are shown. The cluster
size and coordinates of these areas are reported in the table. MNI,
Montreal Neurological Institute; mTBI, mild traumatic brain injury.
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MNI Ooordinate,.s (mml) Cluster Size (Voxels) | p-value MNI Coordinates (mm) Cluster Size (Voxels) | p-value
-4 38 -12 L medial orbital, frontal 1802 0.000 -18 58 -12 (L supraorbital, frontal) 126 0.011
360 60 R middle frontal 206 0.003 216 20 (L rectus, frontal) 1483 0.000
-28 34 38 L middle frontal 213 0.003 30 16 -12 (L insula) 205 0.000
-10 36 30 L medial superior frontal 262 0.001 36 14 38 (R middle frontal) 130 0.010
-564 18 L precentral 190 0.004 -44 14 32 (L pre-central) 209 0.002
66 -38 12 R superior temporal 3155 0.000 32 28 -16 (R inferior frontal, orbital) 108 0.017
52 -8 -38 R inferior temporal 845 0.000 -20 -40 -54 (L cerebellum) 209 0.002
-48 48 8 L middle temporal 166 0.007 10 -72 -48 (R cerebellum) 129 0.010
-48 -10 -38 L inferior temporal 385 0.000 40 -62 -30 (R crus cerebellum) 126 0.011
636 28 R anterior cingulus 127 0.015
-624 22 L anterior cingulus 109 0.023 FIG. 5. The regions where cerebral perfusion is significantly
-24 72 38 L superior occipital 562 0.000 decreased in children who were asymptomatic at 40 days fol-
-12 -42 54 L precuneus 613 0.000 lowing an mTBI when compared with healthy controls are shown.
-4 -66 32 L precuneus 1942 0.000 The cluster size and coordinates of the areas are reported in the
-36 -60 40 L angular 724 0.000 table (overall pcrit <0.05, voxel cluster-level >100). MNI, Mon-
-30 -60 -10 L fusiform 454 0.000 treal Neurological Institute; mTBI, mild traumatic brain injury.

FIG. 4. The regions where perfusion in the symptomatic group
is significantly greater than the asymptomatic group at 40 days
post-injury are shown. The cluster size and coordinates of these
areas are given in the table. MNI, Montreal Neurological Institute.

hypoperfusion phase), followed by a period of increased CBF (the
hyperemia phase lasting 1 to 3 days), and subsequently followed
by another decrease in CBF that lasts from a few days to a few
weeks.>”8 In mTBI, however, much less is known about CBF
changes, and its relationship to cerebral metabolic rate, vascular
reactivity, and outcome.'?

We report the largest study to date examining cerebral perfu-
sion using pseudo-continuous ASL in children at precise times
after mTBI while controlling for the effects of age. We found that
children differed significantly in their pattern of cerebral perfu-
sion depending on their recovery trajectories. This difference in
cerebral perfusion was greatest between the symptomatic and
asymptomatic groups. Indeed, post-injury PCSI scores at one
month were significantly related to CBF in the presence of mTBI,
and pre-injury PCSI scores. Those who remained symptomatic at
one-month post-injury had higher CBF when compared with those
who had recovered and healthy controls. Although higher CBF
has been reported before in mTBI, it has been in the setting of
acute mTBL>® There are actually few studies examining CBF in
the time period when symptoms begin to resolve in most children,
that is, 4 to 6 weeks post-injury.* A strength of our study is that

imaging was performed at the same time post-injury (40 days) in
all participants.

Asymptomatic children, in contrast, had lower cerebral perfu-
sion when compared with healthy controls. This finding of lower
cerebral perfusion is similar to the finding reported by Maugans and
colleagues, who investigated global CBF in 11 children with a
sports-related concussion at one-month post-injury.'® Ten of the 11
children studied reported resolution of their symptoms and their
overall global CBF was lower compared with controls (mean =39.2
vs. 48.0mL/100 g per min). Recovery status in the study by Mau-
gans and associates and in our study was based on symptom report
alone and is consistent with clinical practice. Symptoms had to
have returned to pre-injury levels (or below) to be considered
asymptomatic. This relative decrease in CBF in the recovery stages
of mTBI is concerning as most children are returning to normal
activities by this stage. Exactly what these changes mean in the long
term and their impact on return to normal activities requires further
exploration.

Our findings are not consistent with those reported by Wang and
colleagues, who found that adolescents with PCS had lower CBF
compared with controls, especially in the frontotemporal regions. '
Wang and co-workers, however, studied symptomatic adolescents
at a later time-point (mean: 7.8 months) following mTBI. It is very
possible that perfusion could continue to decrease over time in
the symptomatic children. Such a decrease in CBF has been
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demonstrated in a longitudinal study of collegiate athletes and may
relate to psychological symptoms over time.'> This is worthy of
future longitudinal study in children to determine if such changes
are related to symptom evolution.

Cerebral perfusion in the setting of an mTBI at 4 to 6 weeks was
the best predictor of cognition function—lower cognitive function
was associated with higher CBF. Decreases in temporal and parietal
cortical perfusion have previously been associated with a poorer
cognitive outcome in acute mTBI*® but in the subacute stages.
Chronically, cognitive function has also been associated with de-
creased perfusion in the thalami and basal ganglia*' and could
explain some of the persistent changes in attention processing
following mTBI. Lower cognitive function was associated with
higher CBF in mTBI participants only, and although this could
have been present pre-injury, it could alternatively be indicative of
a relative CBF-metabolic mismatch.

The neurobiology of changes in CBF following mTBI are un-
known but are substantiated by other markers of autonomic dys-
function and vascular reactivity (i.e., heart rate variability,
orthostatic hypotension), which have been reported both acute-
ly'**? and in chronic PCS.***** In moderate/severe TBI decreases
in cerebral perfusion correlate with tissue loss.*> However, mTBI is
not associated with such tissue loss. The scattered areas of perfu-
sion changes observed in our study suggest that CBF changes are
not predominantly due to abnormal cerebral autoregulation.
However, as CBF is closely linked to neuronal metabolism (CBF-
metabolic coupling) and occurs mainly at the microvascular level,
the changes observed following mTBI could be due to a relative
uncoupling of neuronal activity to the astrocytic and vascular
components of the neurovascular unit.*® The paradoxical finding of
increased CBF in mTBI participants with lower NCI could be
suggestive of lower cognitive functioning in those with greater
metabolic uncoupling. CBF alterations could also be due to trau-
matic microvascular injury.*” How CBF alterations relate to mi-
crostructural, network, or metabolic disturbances and their
relationship to clinical symptoms in children with mTBI requires
further study.'#43-5!

Limitations

There are several limitations to this study. It is possible that our
sample does not reflect the true population of mTBI due to possible
recruitment and selection biases. Alterations in cerebral perfusion
are not specific to TBI and can be found in individuals with dis-
orders such as attention deficit and hyperactivity disorder and mood
disorders.”>>* This is relevant to our study as children with TBI are
more likely to have pre-existing attention deficits and we did not
exclude these children from our study. Further, we did not use a
non-TBI injured control group, which may have mitigated some of
the effects of not controlling for attention problems.”*> It is also
possible that the differences in cerebral perfusion observed are
related to cognitive function and independent of the injury. Simi-
larly, this study reports differences in CBF at a single time-point
post-injury. It is possible that these difference were present pre-
injury, although it is difficult to explain why children with lower
CBF are more likely to have a good outcome following mTBI.
Longitudinal studies tracking CBF changes from pre-injury to 6
months post-injury would be ideal to investigate this further.
Despite these limitations, this study is generalizable to the pop-
ulation of children with PCS seen in the clinician’s office at 1 to 2
months post-injury who often also have comorbid pre-existing
mild learning difficulties.

BARLOW ET AL.

Conclusion

In summary, recovery from mTBI is likely to be a dynamic
process and may differ in children when compared with adults.
Altered patterns of cerebral perfusion are seen in children with
mTBI and are associated with their recovery trajectory. Children
who are still symptomatic at 5 to 6 weeks post-injury displayed
higher cerebral perfusion. Children who quickly “‘recovered” after
their mTBI, however, show lower cerebral perfusion relative to
healthy controls, especially in the temporal lobes, perhaps sug-
gesting that cerebral recovery is still ongoing. Longitudinal in-
vestigations of vascular reactivity and cerebral metabolism are
needed to identify the underlying pathogenesis of cerebral perfu-
sion changes over time and their association with outcomes in
children with mTBI.
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