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Cerebral Blood Flow after Mild Traumatic Brain Injury:
Associations between Symptoms and Post-Injury Perfusion

Jaclyn A. Stephens,1–3 Peiying Liu,4 Hanzhang Lu,4 and Stacy J. Suskauer1,3,5

Abstract

Arterial spin labeling (ASL) has emerged as a technique for assessing mild traumatic brain injury (mTBI), as it can

noninvasively evaluate cerebrovascular physiology. To date, there is substantial variability in methodology and findings of

ASL studies of mTBI. While both increased and decreased perfusion are reported after mTBI, more consistency is

emerging when perfusion is examined with regard to symptomology. We evaluated 15 teenage athletes two and six weeks

after sports-related concussion (SRC group) using pseudo-continuous ASL. We acquired comparison data from 15

matched controls from a single time point. At each time point, we completed whole-brain contrasts to evaluate differences

between the SRC group and controls in relative cerebral blood flow (rCBF). Cluster-level findings directed region of

interest (ROI) analyses to test for group differences in rCBF across the left dorsal anterior cingulate cortex (ACC) and left

insula. Finally, we evaluated ROI rCBF and symptomology in the SRC group. At two weeks post-injury, the SRC group

had significantly higher rCBF in the left dorsal ACC and left insula than controls; at six weeks post-injury, elevated rCBF

persisted in the SRC group in the left dorsal ACC. Perfusion in the left dorsal ACC was higher in athletes reporting

physical symptoms six weeks post-injury compared with asymptomatic athletes and controls. Overall, these findings are

inconsistent with reports of reduced rCBF after mTBI but coherent with studies that report increased perfusion in persons

with greater or persistent mTBI-related symptomology. Future work should continue to assess how CBF perfusion relates

to symptomology and recovery after mTBI.
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Introduction

Comprehensive understanding of sports-related concus-

sion (SRC) and other forms of mild traumatic brain injury

(mTBI) relies on advances in behavioral and neuroimaging meth-

odologies. Mild TBI is thought to represent a physiological, rather

than anatomical, injury,1 but the physiological consequences of

mTBI have not been well defined. Conventional imaging tech-

niques are unable to consistently detect abnormalities, so more

sensitive techniques are required to identify and monitor mTBI-

induced pathophysiology. Arterial spin labeling (ASL), a neu-

roimaging method that evaluates absolute or relative cerebral

blood flow (aCBF and rCBF, respectively), can noninvasively

evaluate altered cerebrovascular physiology—a common conse-

quence of TBI2—unlike conventional anatomic magnetic resonance

imaging (MRI).

After moderate or severe brain injury, ASL has identified global

decreases in CBF,3,4 and, more recently, studies have used ASL to

examine CBF after mTBI.5 Unlike other techniques (e.g. positron

emission tomography [PET]), ASL does not rely on an external

contrast agent to measure perfusion, which increases its utility

in the clinical and pediatric populations.6 As a relatively new

method, however, there is substantial variability in the literature

in both study design and findings, which is compounded by var-

iability inherent in the mTBI literature at large. Subsequently,

there are a finite number of ASL studies in mTBI populations, and

they vary widely.

Variability in ASL studies of mTBI exists within the populations

that are studied, including differences in age, mechanism of injury,

and time between injury and testing. There are also differences in

how CBF perfusion is acquired; researchers use pulsed ASL and

pseudo-continuous ASL (also called pulsed-continuous ASL).

Pulsed ASL labels the arterial blood magnetically in a spatially

selective manner, whereas pseudo-continuous ASL labels the ar-

terial blood in the feeding arteries continuously by a radiofrequency

(RF) pulse train.

Studies also differ in whether they collect and/or report rCBF

or aCBF values. The rCBF values provide an index of how well
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perfused a region of interest (ROI) is relative to the rest of the brain,

whereas absolute values provide a CBF quantity for a ROI that is

calculated independently of other regions. Compared with rCBF,

aCBF has increased sensitivity to changes in physiological factors

such as breathing rate or uptake of caffeine, and, subsequently,

researchers have shown that rCBF has enhanced specificity to focal

CBF abnormalities.7 Finally, studies vary in whether they further

classify and group participants by secondary characteristics, such

as presence or absence of symptoms and recovery status.

Unsurprisingly, variability in methodology results in heteroge-

neous findings that are difficult to synthesize and summarize—

yielding uncertainty about the use of CBF as a possible biomarker

for mTBI. Some researchers observe reduced CBF after injury;

others observe dynamic changes in CBF across recovery, while

others observe increases in CBF. Somewhat surprisingly, there are

few studies that demonstrate no change in CBF, which might be

expected given the heterogeneity of published findings. This may

reflect publication bias toward significant results or reflect publi-

cation of studies where expected results were not defined a priori

and, rather, reported findings are ones that arose merely by chance.

To date, there appear to be 11 published studies that have used ASL

in populations with a history of mTBI; this number excludes studies

of moderate and severe TBI, animal studies, review papers, and

single case studies. Table 1 summarizes those 11 studies to illus-

trate the variability in study design and findings.

It does not appear that consistency in age, time since injury, or

ASL technique rendered similar findings. Some similarity is seen

across studies, however, when examining the relationship between

CBF perfusion and the presence of post-concussive symptoms. One

study found that children with persistent mTBI symptoms had

significantly higher aCBF globally in comparison with controls,

whereas asymptomatic children had significantly lower aCBF

globally.8 Similarly, another study found that adults with persistent

mTBI symptoms were more likely to have increased rCBF in nodes

of the task positive network relative to the nodes of the default

mode network.9 A third study found that increased symptoms were

positively associated with increased aCBF in the left frontal lobe.10

Only one study observed an inverse relationship between rCBF

perfusion and symptoms; lower rCBF was associated with more

symptoms of anxiety and depression.11

It appears that examining CBF and the presence or absence of

symptoms may help to explain heterogeneity of ASL findings. It is

difficult to make that conclusion, however, because each of the

reported studies evaluated symptoms differently, and six of the 11

total studies did not report or statistically evaluate symptoms with

CBF perfusion.12–17 Further, one study examined the relationship

between CBF perfusion and symptoms and failed to find a signif-

icant relationship, although this study included only seven partic-

ipants, which may have resulted in insufficient statistical power.5

Nevertheless, when compared with all other elements of variability

within ASL studies, symptom status appears to be an appropriate

candidate for further inquiry and may help explain heterogeneity of

ASL findings.

In this study, we examined rCBF perfusion and symptom status

in adolescents with sports-related mTBI who were within two

weeks post-injury and again when they were six weeks post-injury.

We compared rCBF from those two time points with rCBF values

collected at a single time point from a comparison cohort of never-

concussed age- and sex-matched peers. We hypothesized that we

would observe different rCBF perfusion in the mTBI group com-

pared with never-concussed peers. We also anticipated that the total

number of self-reported symptoms may influence rCBF values

within the mTBI group. Finally, we hypothesized that the type of

symptoms (e.g., physical, emotional, cognitive, or sleep-related)

may differentially influence rCBF in the mTBI group.

Methods

Participants

Fifteen adolescents, ages 13 to 17, with SRC were recruited from
clinical encounters (e.g., concussion clinic) and enrolled in this
study. Inclusion criteria for the concussion group included: pres-
ence of a recent concussion (a witnessed blow to the head or body
that occurred during organized sport participation with subsequent
onset of at least two concussion-induced symptoms), loss of con-
sciousness (when present) of 15 min or fewer and post-traumatic
amnesia of 24 h or fewer, and Glasgow Coma Scores from emer-
gency department admission (when available) of 13 to 15. Exclu-
sion criteria for the concussion group included: history of chronic
medical disorder, current inpatient hospitalization, current use of
narcotic pain medicine, history of moderate or severe TBI, or his-
tory of mTBI without return to baseline. Fifteen never-concussed
adolescent athletes, ages 13 – 17, were also recruited using flyers,
word-of-mouth, and radio advertisements and enrolled in this
study. Exclusion criteria for the control group included a history of
TBI, including concussion. None of the participants within the SRC
or control group met criteria for pre-injury behavioral or educa-
tional diagnoses based on structured parent interview. The Johns
Hopkins Medicine Institutional Review Board approved this study,
written informed consent was obtained from a parent or legal
guardian, and assent was acquired from adolescent participants.

Imaging acquisition and processing

Imaging was performed on a 3T MR system (Philips Medical
System, Best, The Netherlands) using the body coil for trans-
mission and an eight-channel head coil for reception. A 4.5-min
T1-based magnetization-prepared, rapid acquisition gradient echo
(T1-MPRAGE) image was first acquired for anatomical refer-
ence and spatial normalization using the following parameters:
150 axial slices, voxel size 1 · 1 · 1 mm3, matrix = 224 · 224, field
of view = 224 · 180, time to repeat/echo time = 8.1 msec/3.7 msec.
Pseudo-continuous ASL (PCASL) was then used to obtain esti-
mates of resting CBF.18, 19 Thirty-five control and label pairs of
images were acquired with the following parameters: labeling du-
ration = 1650 msec, post-labeling delay = 1525 msec, time to re-
peat/echo time = 4000 msec/12 msec, flip angle = 90 degrees,
matrix size = 80 · 80, voxel size = 3 · 3 · 7 mm3, 17 slices, no gap,
and duration = 288 sec.

The PCASL data were processed to generate CBF maps using
the fully automated ASL-MRICloud tool.18,19 The ASL-MRICloud
is a cloud-based tool for ASL data analysis under the infrastructure
of MRICloud.org20,21 and follows the quantification model de-
scribed in the ASL white paper.22 In the automated pipeline, T1-
MPRAGE was used to normalize the CBF maps into Montreal
Neurological Institute (MNI) space. Anatomic ROIs, generated
from the T1-based brain segmentation tool under MRICloud.org
infrastructure20 were applied to yield structure-based CBF values.
Considering the baseline differences across imaging sessions and
across subjects, rCBF images and ROI values, normalized by the
whole-brain average, were used for further analysis.

Study procedure

Adolescents with SRC were evaluated at two time points.
Neuroimaging data were acquired from 12 of the 15 eligible ado-
lescents at Visit 1 (mean: 8.8 days post-injury; standard deviation
[SD]: 3.4); two participants did not complete neuroimaging be-
cause of scanner malfunction, and one participant did not complete
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neuroimaging because of scheduling constraints. Neuroimaging
data were acquired from 14 of the 15 eligible adolescents at Visit 2
(mean: 43.2 days post-injury; SD: 12.5), because one participant
did not return for testing. Controls participants were evaluated at a
single time point.

Cluster-based analysis

The Statistical Parametric Mapping (SPM12) second-level an-
alyses were used to evaluate between-group differences in rCBF.
Each participant’s rCBF map was used in independent sample t
tests to evaluate differences at Visit 1 between the SRC group and
controls and at Visit 2 between the SRC group and controls. The
voxel-level threshold was established at p < 0.001, and family-wise
error (FWE) correction was used for multiple comparisons at a
cluster-level threshold of p < 0.05.

ROI-based analysis

The MNI coordinates of the peak activated voxel, where cluster-
level between-group differences were observed, were entered into
the Wake Forest University Pickatlas toolbox23,24 to identify the
corresponding anatomic structures, using the Automated Anato-
mical Labeling Atlas.25 Relative CBF values from these anatomic
ROIs were entered into t tests in Statistical Package for the Social
Sciences (SPSS) to evaluate differences between the SRC group
and controls and to evaluate differences between time points within
the SRC group. Control analyses, Pearson correlations, and ana-
lyses of covariance (ANCOVAs), were also completed in SPSS to
ensure that neither age nor sex was influencing group differences.

Symptom and rCBF analyses

The self-reported symptoms from the Immediate Post-
Concussion Assessment and Cognitive Testing (ImPACT�:www
.impacttest.com.) fall into four categories: physical, emotional,
cognitive, and sleep-related symptoms. Both the SRC group and
control group were asked to report symptoms on the ImPACT.� We
divided the SRC group into a high symptom or low symptom
subgroup by using the median number of symptoms in each
symptom category at Visit 1 and a symptoms present or symptoms
absent subgroup at Visit 2.

For Visit 1, participants with a symptom count greater than or
equal to the median were included in the high symptom subgroup
while those with a symptom count less than the median were in-
cluded in the low symptom subgroup. For Visit 2, because many
participants reported no symptoms in symptom categories, those
who were still reporting symptoms were included into the symp-
toms present subgroup (individuals with one or more symptoms)
and those with no reported symptoms were included in the symp-
toms absent subgroup. Between-group differences in rCBF were
then evaluated with univariate ANCOVAs (to account for age)
using a model threshold of p £ 0.003 (calculated by p = 0.05 divided
by 16, the total number of ANCOVA analyses) and Bonferroni
corrected pairwise comparisons.

Results

Participant characteristics

At Visit 1, the SRC group included 12 participants (mean age:

15.6 [SD = 1.2]; four females [33%]). At Visit 2, the SRC group

included 14 participants (mean age: 15.7 [SD = 1.4]; four females

[29%]). The control group included 15 participants (mean age:

15.2, [SD = 1.7]; five females [33%]). No significant differences

existed in age or sex at Visit 1 or Visit 2 between the SRC and

control groups, p values >0.05.

Cluster-based group differences

At Visit 1, results from whole-brain contrasts revealed that the

SRC group (mean = 1.33, SD = 0.15) had significantly higher rCBF

than controls (mean = 1.01, SD = 0.16) in a cluster (contiguous

voxels [kE] = 1017) with the peak activated voxel (MNI coordi-

nates -44, -30, 20) residing in the left insula, p < 0.001. In addition,

at Visit 1, the SRC group (mean = 1.17, SD = 0.09) had significantly

higher rCBF than controls (mean = 0.95, SD = 0.14) in a cluster

(contiguous voxels [kE] = 1126) with the peak activated voxel

(MNI coordinates -14, 4, 44) residing in the left cingulate cortex,

p < 0.001.

At Visit 2, results from whole-brain contrasts revealed that the

SRC group (mean = 1.15, SD = 0.12) had significantly higher rCBF

than controls (mean = 0.90, SD = 0.14) in a cluster (contiguous

voxels [kE] = 1672) with the peak activated voxel (MNI coordi-

nates -14, 4, 44) residing in the left cingulate cortex, p < 0.001.

ROI-based group differences

Given the cluster-based group differences, two ROIs from the

anatomically parcellated map—left insula and left dorsal anterior

cingulate cortex (left dorsal ACC)—were selected and evaluated

for potential group differences. First, we conducted control ana-

lyses to evaluate potential influence of sex and age on ROI rCBF

values. There were no significant differences in ROI rCBF values

between males and females within the control group, p values

>0.45, nor differences between males and females within the SRC

group at either time point, p values >0.32. In the control group, age

was significantly correlated with left insula rCBF, r = 0.55, p = 0.03,

but was not related to left dorsal ACC rCBF, p = 0.53. In the SRC

group, age was significantly correlated with left dorsal ACC rCBF

at Visit 1, r = 0.91, p < 0.001 but not at Visit 2, p = 0.15, but there

was no significant relationship between age and left insula rCBF at

Visit 1, p = 0.79, or Visit 2, p = 0.39.

In the left insula, at Visit 1, when controlling for age, the SRC

group (mean = 1.0, SD = 0.08) had significantly higher rCBF than

controls (mean = 0.88, SD = 0.13), t (1, 25) = -2.71, p = 0.02. At

Visit 2, when controlling for age, the SRC group (mean = 0.99,

SD = 0.16) no longer had significantly different rCBF than controls

(mean = 0.88, SD = 0.13), p = 0.07. No significant differences ex-

isted between Visit 1 and Visit 2 within the SRC group, p = 0.93;

see Figure 1. In the SRC group, the number of days since injury did

not correlate to rCBF in the left insula, p = 0.91.

In the left dorsal ACC, at Visit 1, when controlling for age, the

SRC group (mean = 1.14, SD = 0.10) had significantly higher rCBF

than controls (mean = 1.02, SD = 0.09), t ( 25) = - 3.25, p = 0.01. At

Visit 2, when controlling for age, the SRC group (mean = 1.13,

SD = 0.11) continued to have significantly higher rCBF than con-

trols (mean = 1.02, SD = 0.09), t (26) = - 2.85, p = 0.01. No signifi-

cant differences existed between Visit 1 and Visit 2 in the left dorsal

ACC rCBF within the SRC group, p = 0.84; see Figure 2. In the

SRC group, the number of days since injury did not correlate to

rCBF in the left dorsal ACC, p = 0.86.

Symptom and rCBF results

At Visit 1, ANCOVA analyses did not reach the established

model threshold of p £ 0.003 when comparing rCBF of the left

insula or left dorsal ACC of controls and SRC subgroups divided by

any symptom category (i.e., physical, emotional, cognitive, sleep-

related). At Visit 2, ANCOVA analyses did not reach the estab-

lished model threshold of p £ 0.003 when comparing rCBF of the
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left insula of controls and SRC subgroups divided by any symptom

category; ANCOVA analyses also did not reach p £ 0.003 when

comparing rCBF of the left dorsal ACC of controls and SRC sub-

groups divided by emotional, cognitive, or sleep-related symptoms.

Significant between-group differences were observed, however,

when comparing rCBF of the left dorsal ACC of controls and SRC

subgroups divided by physical symptoms.

At Visit 2, the median number of physical symptoms was 0,

placing six participants in the physical symptoms present subgroup

(individuals with one or more symptoms) and eight participants in

the physical symptoms absent subgroup (individuals reporting 0

symptoms). The ANCOVA revealed a significant effect of group on

rCBF in the left dorsal ACC, F (2, 25) = 7.47, p = 0.003. Post-hoc

analyses revealed that the physical symptoms present subgroup

(mean = 1.20, SD = 0.05) had significantly higher rCBF in the left

dorsal ACC compared with controls (mean = 1.02, SD = 0.09),

adjusted p = 0.002 and numerically higher rCBF than the physi-

cal symptoms absent subgroup (Mean = 1.08, SD = 0.09), ad-

justed p = 0.058. No significant differences existed between the

low physical symptom subgroup and controls, adjusted p = 0.679;

see Figure 3.

As a posteriori analysis, we also evaluated rCBF in the left

dorsal ACC in controls who were divided into physical symptoms

present (n = 8) and physical symptoms absent (n = 7) subgroups

(using the same criteria to create groups). Relative CBF in the left

dorsal ACC was not significantly different between controls in the

physical symptoms present subgroup (mean = 0.99, SD = 0.07) and

controls in the physical symptoms absent subgroup (mean = 1.06,

SD = 0.09), p = 0.112. Although the reported p value is nearing

a statistical trend, it is important to note that the pattern is in

the opposite direction of what was observed in the SRC group

(i.e., controls in the physical symptoms absent subgroup have

higher rCBF), and this p value was not adjusted for multiple

comparisons.

Discussion

We evaluated cerebral perfusion in adolescents with SRC and a

comparison cohort of never-concussed age- and sex-matched peers.

FIG. 2. Between group differences in left dorsal anterior cin-
gulate cortex (ACC) relative cerebral blood flow (rCBF). Ado-
lescents with sports-related concussion (SRC, white boxes) had
significantly higher rCBF than never-concussed controls (gray
boxes) in the left dorsal ACC at Visit 1 (£ two weeks post-injury)
and Visit 2 (six weeks post-injury). These differences persisted
when analyses controlled for age. No differences existed in rCBF
between Visits 1 and 2 in the SRC group.
*Indicates p < 0.05. Error bars represent standard deviation.

FIG. 3. Left dorsal anterior cingulate cortex (ACC) relative ce-
rebral blood flow (rCBF) in physical symptom subgroups at Visit 2.
Adolescents with sports-related concussion (SRC, white boxes) in
the physical symptoms present subgroup had significantly higher
rCBF in the left dorsal ACC compared with never-concussed con-
trols (gray boxes). The physical symptoms present subgroup also had
numerically higher rCBF compared with the physical symptoms
absent subgroup. No significant differences existed between the
physical symptoms absent subgroup and control participants.
*Indicates p < 0.05. Error bars represent standard deviation.

FIG. 1. Between-group differences in left insula relative cerebral
blood flow (rCBF). Adolescents with sports-related concussion
(SRC, white boxes) had significantly higher rCBF than never-
concussed controls (gray boxes) in the left insula at Visit 1 (£ two
weeks post-injury). At Visit 2 (six weeks post-injury), adolescents
with SRC had numerically higher rCBF than controls, but this was
not statistically significant when analyses controlled for age. No
differences existed in rCBF between Visits 1 and 2 in the SRC group.
*Indicates p < 0.05. Error bars represent standard deviation.
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At Visit 1, which occurred within two weeks post-injury, we ob-

served that, in comparison with controls, the SRC group had sig-

nificantly higher rCBF in both the left insula and left dorsal ACC.

At Visit 2, which occurred approximately six weeks post-injury, the

SRC group continued to have significantly higher rCBF in the left

dorsal ACC than controls. While some researchers have also found

increased CBF in participants with mTBI,5,8,12,14 others report the

exact opposite—decreased CBF after mTBI.10,11,15–17

While previous work has observed decreased CBF after severe

TBI,4 the mixed findings after mTBI suggest that there may be

more variability in CBF after mTBI. There is heterogeneity in

findings even when we compare our data with a subset of previous

studies that included participants of similar ages. Wang and col-

leagues16 observed globally reduced aCBF in acute SRC (24 h and

eight days post-injury) and regionally reduced aCBF in chronic

SRC (3–12 months post-injury),17 which contradicts our findings of

increased regional rCBF. Mutch and colleagues14 evaluated rCBF

in participants with post-concussion syndrome and found both re-

gional increases and decreases in rCBF, which is partially consis-

tent with our findings.

It is possible that evaluating aCBF rather than rCBF could render

contrasting results. As noted in the Introduction, aCBF is more

sensitive to changes in physiological factors such as breathing

rate and caffeine uptake.7 Therefore, it is possible that reported

between-group differences in aCBF are influenced by confound-

ing variables unrelated to mTBI. Barlow and associates8 observed

globally increased aCBF in symptomatic participants with mTBI

and globally reduced aCBF in asymptomatic participants, how-

ever, suggesting that symptom status may be a more important

factor than aCBF versus rCBF.

We next examined our findings with respect to those of Meier

and colleagues11 who also used PCASL to evaluate rCBF after SRC

in a marginally older cohort at similar time points. Despite con-

siderable overlap between study designs, Meier and colleagues11

observed regional reductions in rCBF one day and one week post-

injury that resolved one month after injury, while we observed

regional increases in rCBF approximately two weeks and six weeks

post-injury. We considered that the slight age difference between

the studies may have contributed to the contrasting results, but we

observed that age was positively, not inversely, associated with

rCBF, making age an unlikely contributor. Collectively, these

examples further illustrate the vast variability in ASL studies

and highlight the need for additional research—especially stud-

ies that consider the role of symptoms status and/or recovery in

post-injury CBF.

Here, we observed group differences in the left insula and the

dorsal ACC. These regions are known to be functionally linked as

nodes of the salience network (SN),26 suggesting an explanation for

what we identified—altered CBF in these two specific regions. The

SN is known to be activated in response to novel or behaviorally

relevant stimuli, including internal stimuli such as pain,27 and al-

tered SN connectivity has been observed after mTBI and linked

to persistent injury-related complaints,28 which may represent

increased perception of internal stimuli. In addition, acute stress

has been found to disrupt intrinsic functional connectivity of

the SN.29

While connectivity analyses are beyond the scope of the data

currently presented, conceivably increased rCBF perfusion—as

reported here—could be associated with altered intrinsic connec-

tivity of the SN because of mTBI and the acute stress elicited by

mTBI. If this were the case, then changes within the SN may

subsequently influence awareness or perception of mTBI-related

symptoms. In this hypothetical scenario, it remains unclear whether

CBF and connectivity within the SN mediate symptomology after

mTBI or if individual differences in symptom perception mediate

SN activity. Future studies should directly examine the relationship

of rCBF perfusion and intrinsic functional connectivity of the SN

and other neural networks, along with behavioral performance and

symptom reporting after SRC and other forms of mTBI.

Given that some researchers have observed relationships be-

tween symptom status and CBF perfusion8–11 and the hypothesized

link between the SN and symptoms, we evaluated how SRC-related

symptomology was associated with rCBF perfusion. At Visit 1, we

did not observe a relationship between symptoms and rCBF values.

At Visit 2, we observed that, in the left dorsal ACC, SRC partici-

pants with physical symptoms (those with one or more symptoms)

had significantly higher rCBF than never-concussed controls and

numerically higher rCBF than SRC participants without physical

symptoms. Importantly, this pattern was not observed in controls

when they were divided into subgroups based on the presence of

physical symptoms. This suggests that the presence of physical

symptoms is linked to rCBF perfusion after SRC, because

asymptomatic individuals had rCBF perfusion much more similar

to controls than symptomatic SRC participants.

Our finding that physical symptoms were reported within both

the SRC and control groups reinforces that many SRC-induced

symptoms (e.g., headaches) lack specificity to SRC, because they

are also experienced by healthy persons with no history of SRC, and

yet are used clinically to diagnosis the presence of and recovery

from concussion.30 While the differing brain-behavior relationship

that we preliminarily identified between groups suggests that

context is important for interpretation of symptoms, the lack of

specificity of symptoms alone highlights the importance of research

designed to identify consistent biomarkers of SRC, such as rCBF.

These findings are consistent with previous work where persons

with more symptoms had higher CBF values.9,10 Like us, Barlow

and colleagues8 observed that children with mTBI who were

symptomatic had significantly higher global CBF than controls.

In contrast to their findings, however, we did not observe that

asymptomatic individuals had lower CBF than controls.8 None-

theless, CBF perfusion may be a marker of physiological status

after concussion. It is possible that increased CBF contributes to

reported symptoms, or the presence of symptoms may modulate

CBF.

Our findings do not replicate results where rCBF was inversely

associated with emotional symptoms.11 With our relatively small

sample size and stringent statistical threshold, however, we may have

had insufficient statistical power to see the influence of emotio-

nal symptoms. Few adolescents reported emotional symptoms at

either visit. With many participants reporting zero symptoms, it

was difficult to complete correlation analyses or between-group

comparisons to adequately evaluate the influence of emotio-

nal symptoms. With a greater sample size, or earlier evaluation,

we could have improved our ability to determine how emotional

symptoms, or other symptom types, influenced rCBF values.

Nevertheless, these and others’ findings suggest that the presence

or absence of symptoms might be associated with rCBF values,

and symptom status is an important consideration for future ASL

studies.

Future studies could also address some of our study’s limita-

tions. For example, we evaluated the SRC group at two time points

but only evaluated the control group at a single time point.

Therefore, we are unable to determine whether rCBF is constant or

fluctuates among nonconcussed adolescents. In addition, we chose
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to use a cohort of noninjured and never-concussed controls. Control

participants with a different type of injury (e.g., orthopedic) may

have been a better comparison group and should be considered for

future study designs. We also acknowledge that we did not acquire

rCBF data in the acute (<48 h) stage of injury. Future studies should

consider examining rCBF and symptom status in acute and sub-

acute injury and at the point of recovery from injury. In addition,

pre-injury evaluation could provide even more precise information

about SRC-related changes in rCBF.

Future work should continue to examine how factors like

quantity and type of SRC-related symptoms influence rCBF. We

posit that these and other unknown factors likely affect rCBF, and

more research is needed to best understand how much injury in-

fluences rCBF relative to other factors. In addition, future work

should examine how variations in rCBF influence behavioral per-

formance and recovery over time. This information could serve to

improve the utility of rCBF as a biomarker after SRC and other

forms of mTBI.

Conclusion

In comparison with never-concussed controls, we found that

adolescents with SRC had increased rCBF localized to the left

insula and left dorsal ACC at approximately two and six weeks

post-injury. These findings are consistent with some previous

findings while contrasting others. To date, there is little consistency

regarding the direction of change in rCBF after mTBI, but our

findings and those of others suggest that presence or absence of

symptoms may play a role. Future work is needed to understand

how symptoms and other factors relate to rCBF changes after

mTBI.
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