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ABSTRACT ARTICLE HISTORY
Primary Objective: Traumatic brain injury (TBI) and sports-related concussion (SRC) may result in chronic Received 15 December 2020
functional and neuroanatomical changes. We tested the hypothesis that neuroimaging findings (cerebral Accepted 21 April 2022
blood flow (CBF), cortical thickness, and 'H-magnetic resonance (MR) spectroscopy (MRS)) were associated KEYWORDS

to cognitive function, TBI severity, and sex. Arterial spin labeling (ASL);
Research Design: Eleven controls, 12 athletes symptomatic following >3SRCs and 6 patients with cerebral blood flow;
moderate-severe TBI underwent MR scanning for evaluation of cortical thickness, brain metabolites magnetic resonance
(MRS), and CBF using pseudo-continuous arterial spin labeling (ASL). Cognitive screening was performed spectroscopy (MRS); Sports-
using the RBANS cognitive test battery. related concussion;

Main Outcomes and Results: RBANS-index was impaired in both injury groups and correlated with the traumatic brain injury
injury severity, although not with any neuroimaging parameter. Cortical thickness correlated with injury

severity (p = 0.02), while neuronal density, using the MRS marker ((NAA+NAAG)/Cr, did not. On multi-

variate analysis, injury severity (p = 0.0003) and sex (p = 0.002) were associated with CBF. Patients with TBI

had decreased gray (p = 0.02) and white matter (p = 0.02) CBF compared to controls. CBF was significantly

lower in total gray, white matter and in 16 of the 20 gray matter brain regions in female but not male

athletes when compared to female and male controls, respectively.

Conclusions: Injury severity correlated with CBF, cognitive function, and cortical thickness. CBF also

correlated with sex and was reduced in female, not male, athletes. Chronic CBF changes may contribute

to the persistent injury mechanisms in TBI and rSRC.

Introduction

may contribute to the post-injury sequelae. To what extent
these factors persist post-injury, how they relate to CBF
changes, and how they are influenced by e.g. injury severity
and sex remain to be established.

Rotational head impact during sports may lead to a sports-
related concussion (SRC), defined as a mild TBI characterized
by a transient disturbance of central nervous system function
(10). Full recovery within the normal range (in adults <
14 days) occurs in a majority following a single SRC (10).
However, athletes sustaining repeated SRCs (rSRCs) are at

Despite decades of research, the pathophysiology of trau-
matic brain injury (TBI) is to a large extent unknown, and
current treatment options are limited. It is however well
established that after the initial impact an ongoing, pro-
gressive disease process may ensue leading to cognitive
decline and an increased risk for the development of neu-
rodegenerative disorders (1). Chronically, TBI is a common
cause of long-term cognitive impairment, functional dis-
ability, and a decreased quality of life. Effective treatments
for these persistent disabilities are scarce. Accelerated brain
atrophy (2), and persistent energy metabolic disturbances risk for p rol?nged recovery (11,12). F urthermoret females
(3,4), have been observed, as well as TBI-induced injury to ~commonly display a higher symptom load following SRC,
the blood-brain barrier and alterations of cerebrovascular and a longer duration of symptoms than males (13,14). At
reactivity and cerebral blood flow (CBF). These factors may least 10-15% of concussed athletes have prolonged duration
be key contributors to post-injury functional deficits (5-8), ~©of symptoms (15), and an increasing number of SRC athletes
and pose alternative treatment targets. While CBF changes show persistent post-concussion symptoms, the mechanisms
have received most attention (9) to date, other mechanisms of which are unknown (16).
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While the biomechanics and pathophysiology of SRC and
TBI show some differences, they also share certain similarities.
In chronic TBI, CBF may be persistently reduced and be
associated with cognitive function and affective symptoms
(5,17-19). Post-concussion symptom burden may correlate
with CBF alterations (20), and if CBF normalizes, symptoms
also tend to improve (21). Following a single SRC, CBF was
decreased in widespread brain regions up to 2 years post-injury
(22-24). CBF alterations following rSRC have not been thor-
oughly investigated, although it was globally decreased in
retired male American football players (25), and chronically
altered cerebrovascular reactivity was observed in athletes with
1-4 previous SRCs (6,26). Furthermore, increasing age follow-
ing repeated mild TBIs was associated with lower CBF (6).

At least a few percent of concussed athletes develop persis-
tent post-concussion symptoms, commonly referring to
a constellation of prolonged symptom that include headache,
dizziness, fatigue, anxiety, and cognitive impairment (27-29).
Of these, cognitive impairment (that encompasses impaired
memory and attention) may be the most important factor
determining overall outcome (30,31). In patients with moder-
ate-severe TBI, or athletes with persisting post-concussion
symptoms, disturbance of memory and attention may be
related to structural neuroimaging findings that include
reduced cortical thickness and energy metabolic disturbances
(32-34). Such findings, of which CBF alterations may be the
most important, may also be related to the observed risk
increase for early-onset dementias (10,35,36).

In the present study, we hypothesized that decreased CBF is
a key pathomechanism following rSRC and TBI, that is related
to other neuroimaging findings such as a decrease of the proton
(*H) magnetic resonance spectroscopy (*H-MRS) neuronal den-
sity marker (N-acetylaspartate + N-acetylaspartylglutamate)-to-
creatine concentration ratio, (NAA+NAAG)/Cr), and decreased
cortical thickness as well as to cognitive impairment. Sex-specific
comparisons were included since differences in behavioral out-
come between males and females have been reported in both
TBI and SRC (37,38) and since non-injured, healthy females
have a higher CBF when compared to healthy males (39-41).

Material and methods
Ethics

The Regional Research Ethics Committee in Uppsala granted
permission for the study. Written informed consent was
obtained from all included subjects. All research was con-
ducted in accordance with the ethical standards given in the
Helsinki Declaration of 1975, as revised in 2008.

Patients with TBI, rSRC athletes, and controls

The rSRC athletes were recruited by e-mail notifications
and personal contacts within the Swedish sports societies
from across the country. The inclusion criteria were
a minimum of 3 previous SRCs, persistent symptoms,
defined as preventing them from return to athletic activity
for at least 6 months since their last SRC (Table 1). The
SRCs were diagnosed at time of injury by a team physician
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or team physiotherapist, trained in SRC diagnosis, using the
criteria set forth at the Concussion in Sport consensus
conferences (10), including a disturbance of central nervous
system function and/or brief loss of consciousness. All
participants were also interviewed at time of study inclu-
sion regarding their previous SRC history to confirm their
initial diagnosis. Moreover, all participants had undergone
previous routine clinical neuroimaging following their SRC,
to rule out a more severe TBI.

Any neuropathological finding unrelated to the SRC on
magnetic resonance imaging (MRI) was a pre-specified exclu-
sion criterion. An SRC was defined as a mild TBI (10).

Patients with a moderate-severe TBI (moderate TBI defined
as admission Glasgow Coma Scale (GCS) 9-12, loss of con-
sciousness =5 min or focal neurological deficit (42) and severe
TBI defined as GCS 3-8, evaluated at hospital admission),
admitted to the neurocritical care unit at Uppsala University
Hospital, Sweden, > 6 months previously were conveniently
recruited.

Previously healthy, age- and sex-matched controls without
history of previous TBI, SRC or neurological disorder, and
without previous or present activity in any contact sport were
recruited. Exclusion criteria were previous post-traumatic or
neuropathological findings on MRI. The study contrls except
two male participants were also part of a recent PET Imaging
study (43).

Evaluation of neuro-cognition and symptoms

A neuropsychologist (S.S) performed the Repeatable Battery
for the Assessment of Neuropsychological Status (RBANS)
(44), an objective test to screen neurocognitive functions
including attention, verbal functions, visuospatial, immediate,
and delayed memory. Scores were acquired from all cases
except for two male controls.

In rSRC athletes, the symptom part of the Sport Concussion
Assessment Tool 3 (SCAT) (45) was also used to evaluate
symptom number and severity in each athlete. In SCAT, the
athlete self-evaluates 22 symptoms with a severity from 0 to 6
(46), where 0 is no symptom and 6 is the worst imaginable. The
Symptom Severity Score (SSS) is calculated by adding all symp-
tom severities, giving a SSS with a range between 0 and 132.

Each symptom with a severity >0, thus from 1 to 6, was
counted resulting in a Number of Symptoms (NOS) score
ranging from 0 to 22.

The RBANS and the symptom part of SCAT (in athletes)
was evaluated in the morning prior to the MR scanning (vide

infra).

MR acquisition and evaluation

The MR examinations were performed with a 3 T PET/MR
scanner (Signa PET/MR, GE Healthcare, Milwaukee, USA).
The MR protocol contained the following acquisition
sequences: high-resolution 3D T1-weighted (T1w) imaging,
3D T2 fluid attenuated inversion recovery (T2-FLAIR), sus-
ceptibility-weighted angiography (SWAN), arterial spin label-
ing (ASL) and 'H-MRS. The images were acquired for
morphological evaluation of all subjects and for co-
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Table 1. Characteristics of included controls, athletes with repetitive sports-related concussion (rSRC) and traumatic brain injury (TBI) patients. Mean values, standard
deviations and p-values are shown. Cl = confidence interval; SCAT = sport concussion assessment tool; # = number; SSS = symptom severity score; NOS = number of
Symptoms; RBANS = repeatable battery for the assessment of neuropsychological status; CT = computed tomography; MR = magnetic resonance; DAl = diffuse axonal
injury; NAA = N-acetylaspartate; NAAG = N-acetylaspartylglutamate; Cr = creatine; GM = gray matter; WM = white matter; a.u. = arbitrary unit. *significantly lower when

compared to controls.

Group Controls rSRC TBI P value and 95% Cl Controls:rSRC/Controls:TBI
Patients (n) 11 12 6

Age (years) 26 + 45 26+7 27 +7

Number of SRC 0 6+3 -

Time since last SRC/TBI (months) - 23 (6-120)+32 18 (10-29)

Symptoms (SCAT)

SSS 47 + 28

NOS 15+7

RBANS index 1055 + 21 80 + 17* 75 + 24* 0.01 (6-51)/0.01 (7-60)
Injury type on CT/MR

Contusion - - 4

DAI - - 2

(NAA+NAAG)/Cr GM (a.u.) 1.48 = 0.11 1.51 £ 0.13 1.37 £ 0.04 0.86 (—0.17-0.11)/0.26 (—0.06-0.30)
(NAA+NAAG)/Cr WM (a.u.) 1.96 + 0.28 1.85+0.17 176 £ 0.13 0.46 (—0.13-0.36)/0.19 (-0.08-0.48)

registration of CBF maps. Diagnostic evaluation of structural
MRI was performed independently by two neuroradiologists
blinded to the injury status of each subject, using the criteria
manifestation of posttraumatic lesions.

Cortical thickness

Cortical thickness measurements were made for left and right
cerebral hemisphere using an automated software, estimating
the gray/white matter border and the pial surface to calculate
the shortest distance between these boundaries. From these
values a mean global cortical thickness value was achieved,
according to previously published methods (47).

MR spectroscopy

Whole-brain 3D T,-weighted fast spin echo images (TR/TE.g
2500/88 ms) were used to guide the positioning of the two
voxels (volumes of interest) (Figure 1), one in predominantly
white matter and one in gray matter.

The spectra were acquired with PRESS sequence using the
following parameters: TR/TE 5000/30 ms, spectral bandwidth
5000 Hz, 4096 time domain points, 8-phase cycles. Four
dummy excitations were followed by 16 non-water-
suppressed and 64 water-suppressed scans. Typical voxel size
1 x 1.5x2.5 cm” and 1 x 1.5x3.5 cm’ was applied for white and
gray matter, respectively. Spectrum processing was performed
using LCModel (Sup. Figure S1) (48). In the present work we
evaluated the neuronal density marker (NAA+NAAG)/Cr con-
centration ratio.

Arterial spin labeling (ASL) for evaluation of CBF

Two 3D FSE Pseudo-Continuous ASL (pCASL) scans with
spiral read-out and background suppression were acquired
with a post-labeling delay of 2000 ms. There was a mean time
interval of 127 (range: 72-339) minutes between the two ASL
acquisitions. All acquisition parameters for the MR imaging
are presented in Suppl. Table 1. CBF-maps, derived from
pCASL, were calculated according the model previously
recommended (48), including a correction term for full proton
density reference (49-53). CBF-maps were co-registered to

each subject’s corresponding Tlw-image using the SPM12
toolbox (Welcome Trust Center for Neuroimaging,
London, UK).

Cortical regions were segmented using the Freesurfer pro-
cessing pipeline (version 6.0, http://surfer.nmr.mgh harvard.
edu) (54) using Tlw- and T2-FLAIR images. Cortical regions
were combined in order to create bilateral frontal, parietal,
occipital and temporal lobe regions. Furthermore, the amyg-
dalae, caudate, putamen, pallidum, hippocampi and thalami
bilaterally were also included (Figure 2; Table 2). The average
regional CBF value derived from the two pCASL acquisitions
was calculated and analyzed.

Statistics

Statistical analysis was performed using GraphPad Prism ver-
sion 8.1.0 for Windows, GraphPad Software, San Diego,
California, USA. To evaluate the distribution of data
D’Agostino & Pearson was used. Factors having normal dis-
tribution were CBF, RBANS index score, cortical thickness,
MRS (NAA+NAAG)/Cre in both gray and white matter and
TBI severity, whereas sex and time since the last SRC/TBI were
not normally distributed. Normal data were described with
mean values and standard deviation and non-normal data
with median and range. To calculated differences between
three groups, one-way ANOVA was used followed by Tukey’s
multiple comparisons test. When factors were divided depend-
ing on sex, and difference between controls and athletes with
rSRC were calculated, an unpaired t-test was used. The
Spearman univariate correlation matrix was used to calculate
the correlation variable between the above mentioned factors,
except sex. Those correlations significant at the p < 0.05 level
were included in the multivariate analysis performed using
multiple linear regression. Injury severity was used to divide
our cohort in different groups to calculate group differences,
using one-way ANOVA followed by Tukey’s multiple compar-
ison test. Furthermore, injury severity was used as a continuous
variable in a Spearman analysis followed by linear logistic
regression.

Reliability of "H-MRS data were assessed by standard devia-
tions (Cramer-Rao lower bounds, CRLB), expressed in percent
of the considered metabolite concentration. CRLB < 20% was
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Figure 1. The location of the examined voxels using 3 T magnetic resonance spectroscopy. A-C show position of the white matter voxel and D-F shows voxel position in

the gray matter.

used as a criterion of acceptable reliability (39). The MR-S data
used was CRLB SD <40%. Derived P-values are two-sided and
presented as exact values, p-values <0.05 were considered sig-
nificant. Due to low number of female patients with TBI, we
refrained from performing sex-specific comparisons in the
moderate-severe TBI cohort.

Results

Demographics for the included controls, rSRC athletes (mTBI)
and patients with moderate-severe TBI are shown in Table 1.

The rSRC athletes included six females (25 + 4.5 years old)
and six males (30.5 £ 9.2 years old), and all had persistent post-
concussive symptoms for > 6 months following the last SRC
(Table 2). The included athletes were at either amateur or
professional level, although none was active at the time of
study participation. One male and one female athlete were
prescribed tricyclic antidepressants, and one female athlete
a serotonin-selective reuptake inhibitor (SSRI). The time
between injury and MR scanning varied between 6 and
132 months post-injury in the rSRC and TBI cohorts but
CBF did not correlate to time since injury (p = 0.18; Suppl.
Figure S2).

The female and male athletes had similar Symptom Severity
Score (SSS), Number of Symptoms (NOS), number of SRCs
and RBANS-index (Table 2).

The patients with TBI (27 * 7 years old; 4 males, 2 females,
Table 1-2) had on admission a Glasgow Coma Scale (GCS)
score of 12 (range 5-14), and at discharge from the neurosur-
gical department the GCS score was 14 (range 8-15). At time of
MR scanning, all patients with TBI had a GCS score of 15. The
injury mechanisms were fall injury (n = 3) or motor vehicle
accidents (n = 3). The injury severity was moderate (defined as

GCS 9-12, loss of consciousness =5 min or focal neurological
deficit (42) in 3, or severe (GCS 3-8) in 3. Four had a focal TBI
(contusions, subdural hematomas) and 2 had diffuse axonal
injury (Table 1).

Six male controls (25.5 + 4.4 years old) and five female
controls (26 + 5.2 years old) were included. Two female con-
trols were excluded from pre-specified criteria, one due to the
finding of a clinically unknown posttraumatic lesion in the
medial temporal lobe and one being a statistical outlier (+ 2.5
SD compared to mean CBF values) in all measured regions.

Cognitive evaluation and symptoms scores

Cognition was evaluated with the RBANS test battery. As
a group, patients with TBI and rSRC athletes performed sig-
nificantly worse than controls (controls: 105.5 + 21; rSRC:
80 * 17; Patients with TBI: 75 % 24; Controls to rSRC
p = 0.01; Controls to TBI p = 0.01; rSRC to TBI p = 0.87;
Table 1). No differences were observed between rSRC athletes
and patients with TBI, nor between male and female athletes.
Male rSRC athletes performed worse than male controls (74 + 9
vs. 113 + 13, respectively; p = 0.0005), while females athletes had
RBANS scores similar to those of the uninjured, healthy female
controls (86 + 22 vs. 104 + 27, respectively; p = 0.25; Table 2).
Using the SCAT symptom evaluation no differences in
Symptom Severity Score and Number of Symptoms between
male or female athletes were observed (Table 2).

Structural MRI

Investigation of structural lesions in the included subjects was
made by evaluation of the MRI sequences SWAN and T2
FLAIR. One nonspecific small white matter lesion without
clinical significance was found in one male control and in
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Figure 2. illustration of the cerebral parcellation using the software freesurfer (http://surfer.nmr.mgh.harvard.edu) used to divide the pseudo-continuous ASL(pCASL)
data into total gray and white, the former divided into 20 gray matter regions, providing a mean cerebral blood flow (CBF) value for each region. Two scans were
performed on each study participant, and the mean of the two scans was calculated for each region in each subject. The mean value, standard deviation and confidence
interval for each region and each group are shown in Table 3. a. amygdala, b. total grey matter, c. total white matter, d. caudate nucleus, e. frontal lobe gray mater, f.
hippocampus, g. occipital lobe gray matter, h. globus pallidum, i. parietal lobe gray matter, j. putamen, k. temporal lobe gray matter, I. thalamus.

two male rSRC athletes. One female athlete had a minor pitui-
tary lesion without clinical importance. In the patients with
TBI, residual contusions (n = 4) and diffuse axonal injury
(DAIL n = 2) were observed (not shown).

Cortical thickness

The global mean cortical thickness was evaluated using MRI
for each individual. The mean cortical thickness was similar in
the controls (2.72 + 0.08 mm) and rSRC (2.71 + 0.11 mm)
groups (p = 0.95), while it was significantly decreased in

patients with TBI (2.60 = 0.07 mm) when compared to controls
(p = 0.05) but not rSRC athletes (p = 0.07); Figure 3. The
cortical thickness was similar in male and female rSRC athletes
(p = 0.45) (Table 2)

MR spectroscopy

We analyzed (NAA+NAAG)/Cr concentration ratios from one
voxel in gray and one in white matter. There was no difference
between groups nor any sex differences within the control or
SRC groups (Figure 1; for p-values see Table 1).
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Table 2. Comparison between male and female controls, rSRC athletes and TBI patients. No statistical comparisons of male and female TBI patients were made due to
the low number of cases. In all measured aspects, there were no sex differences in the control and rSRC groups. Means and standard deviations are shown.
rSRC = repeated sports-related concussions; TBI = traumatic brain injury; # = number; RBANS = Repeated battery assessment of neurological status; MRS = magnetic
resonance spectroscopy; GM = grey matter; WM = white matter; CR = creatine; NAA = N-Acetylaspartate; NAAG = N-acetylaspartylglutamate; a.u. = arbitrary unit; mm =
millimeter; § = due to low number of female TBI patients median and range is shown.

Female Male Female Male Female Male
controls controls P-value, 95% Cl rSRC rSRC P-value, 95% Cl TBI TBI
# of included subjects 5 6 6 6 2 4
Age (years) 26 £5.2 255+44 25+45 305+£9.2 22 298+ 76
Symptom Severity Score - - 51+ 21 43 +£34  0.62 (—28- —45) - -
# of Symptoms - - 16 + 4 14+9 0.78(—8-10) - -
# of concussions - - 6+3 7+3 - -
Time since last rSRC/TBI (months) - - 14 (6-27) 42 (18-120) 21.5(14-29) 17.3(10-25)
RBANS index 104+27 113+£13 0.57(=27- 44) 86 + 22 74+ 9 0.22(-34- -9) 64.5(40-89) ° 80(50-102)
GM MRS NAA+NAAG/Cr (a.u.) 1.52 £0.11 137 +£0.01 0.12(—0.1-0.4) 1.54+0.10 147 +0.16 0.38(-0.1-0.3) 1.37 (1.32-1.42) 5 138 (1.34-1.40)
WM MRS NAA+NAAG/Cr (a.u.) 2104025 1.70+023 0.13(-0.2-09) 1.87+0.07 1.82+0.25 0.60(-0.2-0.3) 1.85 (1.97-1.73)° 1.72 £ 0.10
Cortical thickness (mm) 270 £0.09 2.73 £0.08 0.53(-0.15-0.008) 2.73 £ 0.08 2.68 +0.13 0.45(-0.1-0.2) 2.62° 2.59 + 0.07

CBF

First, we evaluated global white and gray matter CBF in the
control, rSRC and TBI groups. The CBF was similar in the
rSRC and control groups, while patients with TBI had lower
CBF compared to controls (gray matter p = 0.01; white matter
p = 0.007) and rSRC athletes (gray matter p = 0.02; white
matter p = 0.03; Figure 4).

Next, we evaluated CBF segmented into 20 gray matter
cerebral regions (Figure 2; Table 3). In the rSRC group, no
differences were observed compared to controls in any region
of interest. In the TBI group, CBF was decreased in six gray
matter regions when compared to controls; the regions were
the left amygdala, right caudate nucleus, left and right occipital
lobes and bilaterally in the thalami. Among the controls, CBF
was significantly higher in the female compared to the male
subjects in both total gray and white matter and in 18 of the 20
evaluated gray matter brain regions (p < 0.05; Table 3). In rSRC
athletes, females had a significantly higher CBF compared to
males in 6 of 20 gray matter brain regions and in total gray and
white matter (Figure 4; Table 3).

In female rSRC athletes, CBF was significantly decreased
compared to female controls in 16 of the 20 evaluated gray
matter brain regions, including left amygdala, left caudate
nucleus, left and right frontal lobes, left and right hippocam-
pus, left and right occipital lobes, left pallidum, left and right
parietal lobes, left putamen, temporal lobes bilaterally and both
thalami as well as in total gray matter and total white matter
(p < 0.05; Table 3; Figure 4). However, male rSRC athletes had
similar CBF when compared to male controls in all of the
evaluated brain regions (Table 3; Figure 4). In the TBI group,
sex differences were not calculated due to the low number of
included female subjects.

CBF correlates with injury severity, cortical thickness, and
cognition

In a correlation matrix, we compared CBF in controls,
rSRC athletes, and patients with TBI to TBI-severity (con-
trol, mild, moderate, and severe), RBANS index score,
cortical thickness, (NAA+NAAG)/Cr concentration ratio
in both gray and white matter, and to time since the last

SRC/TBI. A significant correlation with CBF was seen for
TBI severity, time since injury and (NAA+NAAG)/Cr ratio
in white matter (p < 0.05; TBI-severity: r = —0.48; time
since injury: r = -0.35; (NAA+NAAG)/Cr: r = -0.12).
These were included in the multiple linear regression
model, where lower CBF was associated with higher TBI
severity (B = -9.1; CI = -9.5 to —13.7; p = 0.0008).
Furthermore, longer time since TBI or last SRC correlated
with lower CBF (B = -9.1; CI = -9.5 to —13.7; p = 0.0008;
F = 18.8). The were no correlations between CBF and the
Number of symptoms (r = 0.05; p = 0.89) and Symptom
Severity Score (r = 0.20; p = 0.54) of the SCAT.

In the correlation matrix, TBI severity was significantly
correlated to CBF (r = —0.48; p = 0.008), RBANS (r = —0.54;
p = 0.003) and cortical thickness (r = —0.42; p = 0.02). All
remained significant in the multiple linear regression model
where increased TBI severity correlated with decreased CBF
(B =-0.03 CI = -0.06 to —0.01; p = 0.008; F = 8.48), decreased
RBANS index score (B = —0.02; CI = —0.03 to —0.006; p = 0.004;
F =10.37) and decreased cortical thickness (p = -3.1; CI = -5.7
to —0.5; p = 0.02; F = 5.97). Time since injury did not correlate
to any of the included variables in the correlation matrix.

Discussion

In this study, we investigated how cerebral blood flow (CBF)
correlated to other neuroimaging findings (cortical thickness
and MR spectroscopy) and how these were associated with
cognitive function and TBI severity in patients with moderate-
severe TBI as well as in athletes with persistent post-concussion
symptoms who had sustained >3 sports-related concussions
(SRCs). Both injury groups had equally impaired cognition as
measured by the RBANS test battery (55). At a group level,
patients with TBI but not SRC athletes had globally reduced
CBF in gray and white matter compared to controls. However,
there was a widespread decrease of CBF in the female rSRC
cohort when compared to the healthy female controls. In con-
trast, CBF was not altered in male rSRC athletes when com-
pared to male controls. Decreased CBF correlated to increased
injury severity, female sex, and the (NAA+NAAG)/Cr ratio in
white matter.
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a freely diffusible tracer (56), previously validated against
®O-PET, the gold standard of CBF measurements (57). To

3.0- | | minimize the risk that changed neuronal activity would result
PY in CBF alterations during the ASL scans, the investigations
were performed with the athletes and controls in a resting
® ° state and by minimizing known confounders of CBF evalua-
2.8 o0 ° tions such as nicotine, alcohol, coffee or energy drinks. The
= .. () o understanding and the interpretation of early CBF changes
E o —.—:? ° may be crucial in acute neurocritical care management (58).
° Furthermore, cerebrovascular dysfunction may contribute to
- ® _"— . . . . .
2.6 oo = é persistent symptoms in the chronic phase (59). In patients with
® TBI imaged 3 months post-injury, gray matter CBF was asso-
ciated with injury severity and cognitive dysfunction (5).
24 Moreover, cerebral autoregulation was impaired beyond
: I ! ! 6 months post-injury in a cohort of patients with moderate-
Controls SRC TBI

Figure 3. Global mean cortical thickness, measured in millimeter (mm). There
were a significant difference in thickness between controls and TBI patients
(p = 0.05 Cl = 0.002-0.23), not between rSRC and TBI (p = 0.07 CI = 0.007-
0.22) and not between controls and rSRC (p = 0.96 CI = —0.08-0.11). rSRC =
repeated sportsrelated concussions; TBI = traumatic brain injury.

Arterial Spin Labeling (ASL) is a noninvasive and highly
repeatable magnetic resonance (MR) imaging-based CBF
quantification technique using the patient’s own water as

severe TBI (17,60). In the present study, patients with moder-
ate-severe TBI had decreased CBF globally (gray and white
matter) compared to controls and rSRC athletes.

In a previous study investigating chronic regional CBF
changes in athletes developing post-concussion syndrome
(PCS) after a single SRC, decreased CBF was observed in the
thalami >2 years post-injury. The investigated athletes were on
average 34 years old, while sex was not specified (22). In
another study, decreased CBF in the cerebellum, cuneus, cin-
gulate, and temporal gyrus was observed >3 months post-SRC
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Figure 4. Mean and individual global changes in cerebral blood flow (CBF) in traumatic brain injury (TBI) patients and athletes symptomatic following repeated sport
related concussion (rSRC) showing decreased CBF in both white and gray matter. furthermore, CBF is lower in female athletes with rSRC when compared to female
healthy controls, findings not observed in the male athletes. In view of the limited number of female TBI patients, we refrained from analyzing sex differences in this
group. Horizontal bars indicate the mean values. F = females. M = males.
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(23) in a predominately male cohort. After a single mild TBI
occurring in a non-sport context, CBF was determined by ASL
in a mixed sex cohort. CBF was decreased in the first 3 days
post-injury but had normalized by 3 months (61).
Normalization of CBF correlated with resolution of symptoms
in a group of collegiate American football players following
a single SRC (21), and in retired male American football
players, a globally decreased CBF was observed (25). The latter
study (25) also included pre-menopausal females as controls,
who may have had a constitutionally higher CBF (39-41). Our
study emphasizes the importance of studying sex differences in
brain perfusion studies in view of the constitutionally higher
CBF in females. The mechanisms of the sex differences in CBF
in the healthy, non-injured population have not been estab-
lished, but different hematocrit levels may contribute (40). In
a recent study, CBF was evaluated in 13 concussed female
athletes 3-10 days post-injury, of whom 7 were hormonal
contraceptive users. Using ASL, higher progesterone levels
were associated with a higher CBF (62). These findings suggest
that hormonal levels may influence CBF, at least in the early
post-injury phase. Since hormonal status was not explored in
our present study, an influence on CBF cannot be excluded. In
an additional report, in contrast to our present study, CBF was
lower in male but not female athletes several years post-SRC
when compared to sex-matched controls. Importantly, those
athletes were asymptomatic (63). Secondary analysis of the
effect of rSRC compared to a single SRC, showed that only
rSRC females had clusters of decreased CBF compared with
a sex-matched group with only one previous SRC (63). The
latter support the result of the present study, i.e. that there may
be important sex differences in rSRC athletes, and decreased
CBF in females only.

These observed differences in CBF may reflect different
injury mechanisms and be related to the worse clinical out-
come commonly observed in female SRC athletes (13,14,64).
The reasons for the worse outcome in females are not estab-
lished, although relatively weaker neck muscles may lead to
exacerbated head rotation at impact (65,66). Furthermore,
there may be sex differences in white matter connectivity in
females, with more inter-hemispheric connections (67), and
the white matter may be more susceptible to injury in females
(68). In our report, both male and female athletes had similar
symptom burden (27) but only female athletes had decreased
CBF. Furthermore, only male athletes had significantly lower
cognitive function compared to sex-matched controls on the
RBANS screening, suggesting that not only CBF changes con-
tribute to cognitive impairment and post-concussion sympto-
matology. Other factors, such as energy metabolic alterations
may contribute to the persistent symptoms commonly
observed following rSRC (69,70).

N-acetylaspartate (NAA) is a marker of neuronal density
and dynamic changes of NAA levels reflect neuronal dysfunc-
tion and the metabolic state. Since metabolism is a key reg-
ulator of CBF, it is relevant to analyze both in TBI and SRC.
NAA is often measured together with NAAG since these two
spectral intensities are difficult to separate in the MR spec-
trum. The advantage of (NAA+NAAG)/Cr ratio is that it does

not depend on CSF fraction in the voxel. It should be noted
that Cr is commonly used as a concentration reference
because it is relatively stable with negligible (or very small)
changes with age, or in a variety of brain disorders (71,72). In
acute TBI, NAA falls rapidly but when the patient recovers,
NAA often recovers too (4,33,73). It may, however, be persis-
tently decreased into the chronic phase even following
a single SRC (74). In the present study, the (NAA+NAAG)/
Cr ratio correlated with white matter CBF, without other
differences among the groups. However, it did not remain
significant in the multiple linear regression analysis and
might not be an independent correlation and this needs
evaluation in larger cohorts. Since the imaging was performed
at 6-120 months post-injury in all injury groups, we cannot
exclude that earlier imaging could have provided different
results. Here, we evaluated two MR-S voxels, one in gray
and one in white matter. For analysis of white matter injury,
the sensitivity of the method may be more important than the
location of the voxel (75). However, the voxel location and
size may in fact influence the MR spectroscopy results and we
cannot exclude that another placement, e.g. the frontal lobe
(75), could have yielded other results. Whole-brain metabolite
analysis (76) could be a tool for more detailed correlation to
CBF in TBI and SRC studies.

TBI is followed by neurodegenerative processes resulting in
progressive brain atrophy that is particularly pronounced in
white matter, but is also observed in gray matter causing
cortical thinning (2). After a single SRC cortical thinning has
not been reported (6,77-80) in contrast to several reports on
rSRC (34,81). We measured global cortical thickness and no
differences among the groups were observed. The TBI cohort
included both patients with moderate or severe TBI. An SRC s,
per consensus statements (10), defined as a mild TBI. As such,
SRC athletes were included as the mild TBI severity group that
together with the patients with moderate-severe TBI (pre-
viously treated in our neurocritical care unit) and were
included in the analyses of injury severity. When injury sever-
ity (mild/SRC, moderate, severe) was included in the correla-
tion analysis, cortical thickness was found to correlate to injury
severity. Thus, the more severe the injury, the thinner the
cortex. Longitudinal studies using a larger cohort of patients
with TBI could show if cortical atrophy is progressive with
time.

Limitations

A limitation of this study is the relatively small sample size,
particularly in patients with TBI, and a potential recruitment
bias that we tried to minimize by selecting well-characterized
age- and sex-matched controls with no previous head
trauma. All SRC athletes had > 3 previous SRCs, persistent
symptoms > 6 months following their last SRC and met the
DSM 1V criteria (> 3 symptoms for > 3 months) for post-
concussion syndrome. We had no information on acute post-
concussion symptoms, a well-established prognostic factor
following SRC (16,82). Thus, we cannot exclude that the
female athletes in our cohort had worse initial symptoms



following their SRC, contributing to their decreased CBF.
Based on the low likelihood of recovery with prolonged
symptom duration (29) and the time needed for neurodegen-
eration and tau aggregation following moderate-to-severe
TBI (83), our cohorts may be regarded as having chronic
post-concussion symptoms.

Methodological limitations of the CBF analysis include the
low signal-to-noise ratio of ASL, which we tried to minimize by
using two repeated scans on the same day and used the mean
CBF value for each included subject. Furthermore, when using
ASL in white matter (WM), CBF may be underestimated when
compared to gray matter (GM) and make WM CBF evalua-
tions less certain. Partial volume effects are caused by the
limited spatial resolution in ASL and tend to result in under-
and overestimation of CBF in GM and WM, respectively (84).

We used the validated RBANS test battery to screen for
cognitive dysfunction since it is useful in detecting deficits in
attention, verbal functions, visuospatial functions, immediate
and delayed memory (85). It provides a broad although not
in-depth analysis of all cognitive aspects. However, in the
setting of this study (i.e. limited time available, need for
repeatability and ease of administration) it worked as an
effective screening tool. Even though cognitive deficits
among athletes following a single SRC have not been
reported in the post-acute phase, several studies have
shown deficits in attention, immediate memory, and delayed
memory indices following rSRC (85-87). Following moder-
ate-to-severe TBI, deficits across all RBANS indices are con-
sistently observed (44,88). Arguably, RBANS remains
suitable for detection of cognitive deficits among rSRC ath-
letes and patients with TBI, despite the fact that no correla-
tions to neuroimaging parameters were observed in the
present study.

The (NAA+NAAG)/Cr ratio in voxel positions used here
did not show any differences among the groups. However, we
cannot exclude that results could have been different in other
anatomical regions such as in the prefrontal cortex (75). Injury
heterogeneity may also limit the interpretation of the MRS
results. Since we used a global measure of cortical thickness,
consistent with previous report, focal cortical atrophy may
have been missed. However, due to the diffuse nature of the
rSRC and TBI pathophysiology, we argue that this is unlikely.

Conclusion

In the present study, injury severity was found to correlate with
cognitive impairment, cortical thickness and global CBF. We
also observed that global gray matter CBF, evaluated by arterial
spin labeling, correlated to injury severity and sex. Furthermore,
a decreased CBF was observed in female, not male, rSRC ath-
letes. While the decreased CBF in female athletes did not corre-
late with impaired cognitive function or symptom scores,
cerebrovascular changes may contribute to the sex differences
in recovery commonly observed following TBI and SRC. These
alterations may contribute to, or be influenced by, the aggrega-
tion of tau and the ongoing neuroinflammation observed in
particularly the white matter chronically in patients with TBI
and rSRC athletes (36). Our study also emphasizes the

BRAIN INJURY 957

importance of studying sex differences in brain perfusion studies
in view of the constitutionally higher CBF in females.
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