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Abstract

Advanced neuroimaging techniques have shown promise in highlighting the subtle changes and nuances in
mild traumatic brain injury (MTBI) even though clinical assessment has shown a return to pre-injury levels. Here
we use 1H-magnetic resonance spectroscopy (1H-MRS) to evaluate the brain metabolites N-acetyl aspartate
(NAA), choline (Cho), and creatine (Cr) in the corpus callosum in MTBI. Specifically, we looked at the NAA/
Cho, NAA/Cr, and Cho/Cr ratios in the genu and splenium. We recruited 20 normal volunteers (NV) and 28
student athletes recovering from the subacute phase of MTBI. The MTBI group was categorized based upon the
number of MTBIs and time from injury to 1H-MRS evaluation. Significant reductions in NAA/Cho and NAA/
Cr ratios were seen in the genu of the corpus callosum, but not in the splenium, for MTBI subjects, regardless of
the number of MTBIs. MTBI subjects recovering from their first MTBI showed the greatest alteration in NAA/
Cho and NAA/Cr ratios. Time since injury to 1H-MRS acquisition was based upon symptom resolution and did
not turn out to be a significant factor. We observed that as the number of MTBIs increased, so did the length of
time for symptom resolution. Unexpected findings from this study are that MTBI subjects showed a trend of
increasing NAA/Cho and NAA/Cr ratios that coincided with increasing number of MTBIs.
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Introduction

Research into concussion has revealed the com-
plexities of a commonly misdiagnosed condition. A sin-

gle episode of mild traumatic brain injury (MTBI) sets off a
complex chain of neurochemical and neurometabolic reac-
tions caused by mechanical trauma produced by acceleration
and deceleration forces on the brain (Barkhoudarian et al.,
2011). Rotational forces from MTBI can also lead to unwanted
axonal strain and stress causing diffuse axonal injury (DAI)
(Maruta et al., 2010). After MTBI, the destructive biochemical
sequelae include activation of inflammatory response, im-
balances of ion concentrations, increase in the presence of
excitatory amino acids, dysregulation of neurotransmitter
synthesis and release, and production of free radicals
(Wheaton et al., 2011). As a result of the complex response to
MTBI, individuals present with many clinical symptoms in-
cluding: headache, nausea, visual disturbances, light sensi-

tivity, dizziness, fatigue, and irritability (Bryant and Harvey,
1999). Even more disturbing is the time frame for MTBI
symptom resolution, with 15% of cases in which individuals
report physical, cognitive, and emotional symptoms that
persist for more than 1 year post-injury (Kiraly and Kiraly,
2007; Witt et al., 2010; Sedney et al., 2011).These persistent
symptoms from MTBI can lead to post-concussive syndrome
(PCS) and long-term disabilities (Hughes et al., 2004).

Despite this cascade of destructive pathophysiological
events that occur after MTBI, conventional neuroimaging
techniques and neuropsychological tests fail to be sensitive
enough to detect these differences in the subacute phase of
injury (Mayer et al., 2011), and lack specificity in being able to
distinguish individuals who have had previous MTBIs
(Iverson et al., 2006). This lack of sensitivity and specificity of
current clinical measures for assessing MTBI is a major con-
cern, as research is mounting that demonstrates the damaging
effects of cumulative concussions (Echemendia and Cantu,
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2003; Guskiewicz et al., 2003; De Beaumont et al., 2007). Pre-
mature return-to-play after MTBI may be a critical component
in why there is a higher risk of recurrent concussions (Gus-
kiewicz et al., 2003), in addition to neurological and cognitive
deficiencies seen in chronic PCS (Cantu, 2006).

The use of advanced neuroimaging techniques has dem-
onstrated cognitive, structural, and metabolic alterations
after a single concussion (McAllister et al., 2001; Ptito et al.,
2007; Lipton et al., 2008; Gasparovic et al., 2009; Zhang et al.,
2010; Johnson et al., 2011; Slobounov et al., 2011). These
imaging techniques have highlighted subtle changes and
nuances in brain morphology, physiology, and function
caused by MTBI (Gasparovic et al., 2009), even though
clinical assessment has shown a return to pre-injury levels.
Based upon the damaging biochemical sequelae that occur
following MTBI, in vivo proton 1H-magnetic resonance
spectroscopy (1H-MRS) studies used to evaluate brain me-
tabolites (Gasparovic et al., 2009) offer promise in examining
the metabolic vulnerability after MTBI (Hovda et al., 1995).
MTBI studies utilizing 1H-MRS, commonly report on a
various number of metabolites that include: N-acetyl as-
partate (NAA), choline (Cho), and creatine-phosphocreatine
(Cr) (Cecil et al., 1998; Belanger et al., 2007; Govind et al.,
2010). However, there is still no consensus on whether or not
metabolites are better reported as ratios or absolute con-
centrations, but several MTBI studies have indicated that Cr
may not be as stable as once thought (Gasparovic et al., 2009,
Yeo et al., 2011). However, disruptions in brain metabolite
ratios after MTBI have been reported within all lobes of the
brain as well as in both white and gray matter (Belanger
et al., 2007; Govind et al., 2010; Henry et al., 2011). NAA is
found in the brain in high concentrations, and it is synthe-
sized in the neuronal mitochondria and cytoplasm (Patel
and Clark, 1979, Arun et al., 2009); however, little is known
about its function (Miller, 1991). Decreased cellular levels of
NAA are associated with neuronal loss and metabolic dys-
function (Gasparovic et al., 2009). Reductions in NAA fol-
lowing head trauma are the most common and persistent
1H-MRS findings (Ross et al., 1998) and indicative of DAI
(Babikian et al., 2006). Cho is a marker for membrane dam-
age and/or repair (Gasparovic et al., 2009), and elevated
levels are the second most common 1H-MRS finding asso-
ciated with brain injury (Ross et al., 1998). The Cr peak is an
accepted indicator of cell energy metabolism (Signoretti
et al., 2009), and low levels are associated with anoxia, a
major factor in TBI (Ross et al., 1998).

The aim of this study was to use 1H-MRS to evaluate the
metabolite ratios NAA/Cho, NAA/Cr, and Cho/Cr in clini-
cally ‘‘asymptomatic’’ athletes recovering from single and
multiple MTBIs. We focused on the corpus callosum because
it is a major predilection site in TBI (Smits et al., 2010, Spon-
heim et al., 2011), and is highly susceptible to the rotational
acceleration and decelerations forces inducing MTBI (Rutgers
et al., 2008, Smits et al., 2010, Sponheim et al., 2011). Specifi-
cally, we looked at two regions of interest (ROI) within the
corpus callosum, the genu, and splenium. We hypothesized
that following a single episode of MTBI, there would be a
reduction in both the NAA/Cho and NAA/Cr ratios,
whereas the Cho/Cr ratio would remain stable. Furthermore,
we predicted that these decreases in NAA/Cho and NAA/Cr
ratios would be further exacerbated as the number of MTBIs
increased.

Methods

For this study, 28 student-athletes (13 male, 15 female) who
had recently had a sports-related grade (Cantu Data Driven
Revised Concussion Grading Guideline, 2006) and 20 neuro-
logically normal volunteer (NV) student-athletes with no
history of MTBI (10 male, 10 female) were recruited. The ini-
tial diagnosis of MTBI was made on the field by certified
athletic trainers as a part of the routine protocol of the Sport
Concussion Program at the Pennsylvania State University.
MTBI subjects were sorted into three categories (1st, 2nd, 3 + )
based on the history of the number of clinically diagnosed
MTBIs that they reported (see Table 1 for a summary of de-
mographics). Strict adherence to a symptoms-based testing
schedule was followed, with all MTBI subjects being scanned
within 24 h of meeting three criteria: 1) clinical self-reported
symptom resolution, 2) return to baseline on cognitive and
clinical balance testing (Sport Concussion Assessment Tool 2
[SCAT-2] and Balance Error Scoring System [BESS]), and 3)
clearance from a medical professional for the first stage of aer-
obic activity. None of the subjects under study were taking
nonsteroidal anti-inflammatory drugs for concomitant muscu-
loskeletal injury, symptom management, or sleep disturbances.
It should be noted that as the number of MTBIs accumulated so
did the length of time from injury to scanning. Therefore, an
additional categorization based on time from injury to 1H-MRS
acquisition was performed to investigate the effect that time
from injury to scanning might have on the restoration of brain
metabolites. Again MTBI subjects were placed into one of three
categories (1 week, 2 weeks, 3 + weeks) (Table 1). Nonetheless,
all MTBI subjects were clinically ‘‘asymptomatic’’ and scanned
within 30 days of injury. The Institutional Review Board of the
Pennsylvania State University approved this protocol, and all
subjects gave informed consent.

1H-MRS and anatomical images were acquired on a 3.0
Tesla Siemens Trio whole-body scanner (Siemens, Erlangen,
Germany) using a 12 channel head coil. Three-dimensional
isotropic T1-weighted magnetization prepared rapid gradient
echo (MP-RAGE) anatomical images were acquired in the
axial plane parallel with the anterior and posterior commis-
sure axis covering the entire brain (0.9 mm · 0.9 mm · 0.9mm
resolution, TE = 3.46 ms, TR = 2300 ms, TI = 900 ms, flip an-
gle = 9 degrees, 160 slices, integrated parallel acquisition
techniques iPAT = none, number of signal averages NSA = 1).
Three-dimensional multivoxel 1H-MRS chemical shift imag-
ing (CSI) (120 mm · 120mm · 80 mm field of view, 10.0 mm ·
10.0mm · 12.5 mm voxel size, TE = 135 ms, TR = 1510 ms,
iPAT = none, NSA = 1, acquisition time = 7:56) was imple-
mented to evaluate in vivo NAA, Cho, and Cr metabolites.
Placement of the CSI volume of interest was centered anteri-
orly/posteriorly and inferiorly/superiorly over the corpus
callosum, ensuring that both the genu and splenium were
acquired within the same CSI slice (Fig. 1). Structural MRI
scans did not reveal any radiological abnormalities.

Data analysis

The 1H-MRS CSI spectra were processed offline in the time
domain using the jMRUI v. 5.0 software (http://www.mrui
.uab.es/mrui/) (Fig. 2) (Stefan et al., 2009). A Hankel Lanczos
Singular Value Decomposition (HLSVD) filter was used to
remove unwanted resonance frequencies and the residual
water line from the free induction decay (FID) as described by
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Covaciu et al. (2010). Further analysis was performed on the
FID using the advanced method for accurate, robust, and ef-
ficient spectral fitting (AMARES), a nonlinear least square
fitting algorithm (Vanhamme et al., 1997) for the metabolite
peaks of NAA (2 ppm), Cho (3.2 ppm), and Cr (3ppm). The
two ROIs, genu and splenium of the corpus callosum, were
made up of six voxels that were individually selected from the
1H-MRS acquisition grid superimposed on anatomical T1
images (see Fig. 1). Segmentation of the T1 anatomical images
was done in order to compensate for differences in tissue
compositions within the voxels. Similar to McLean et al.
(2000), segmentation was performed using Statistical Para-
metric Mapping (SPM) version 8 (http://www.fil.ion.ucl.ac
.uk/spm/software/spm8/) resulting in maps for gray mat-
ter, white matter, and cerebrospinal fluid (CSF). NAA/Cho,
NAA/Cr, and Cho/Cr ratios of these selected voxels were
then averaged across the ROI to come up with a mean value
(Vagnozzi et al., 2010). Any voxel that was determined to be
composed of < 75% white matter based on segmentation was
not included in the metabolite average for the ROI.

Minitab 16 Statistical Software (Minitab, Inc., State College,
PA www.minitab.com) was used to perform statistical anal-
ysis. In order to test the multiple dependent variables and
potential correlations, factorial multivariate analysis of vari-
ance (MANOVA) was performed on NAA/Cho, NAA/Cr,
and Cho/Cr ratios between the NV and MTBI groups. Values

were considered significant if p < 0.05 (Wilks’, Lawley-
Hotelling’s and Pillai’s methods tested). The number of MTBIs
and the time between injury and scan were imported as
covariates into the MANOVA analysis. Further post-hoc uni-
variate F-tests were done comparing the NV group to the
MTBI group with the number of MTBIs and time from injury
to scanning used as confounding effects. Once again, p < 0.05
was used to determine significance.

Results

In the genu of the corpus callosum MANOVA revealed that
there was a significant main effect of group (NV vs. MTBI)
(F = 10.276, p = 0.000). Specifically the NAA/Cho (F = 20.085,
p = 0.000) and NAA/Cr (F = 23.173, p = 0.000) ratios were re-
duced in the MTBI group compared with the NVs, although
there was no significant alteration to the Cho/Cr ratio. Post-
hoc analysis based on the number of previous MTBIs revealed
that these reductions of NAA/Cho and NAA/Cr in the genu
were seen in all three categories (1st, 2nd, 3 + ). The sub-
jects (1st) recovering from their first MTBI showed the largest
decrease in NAA/Cho (F = 33.40, p = 0.000) and NAA/Cr
(F = 56.12, p = 0.000) ratios. Contrary to our initial hypothesis,
we observed an unexpected result in the subjects (2nd and 3 + )
with a history of multiple MTBIs. Where we had predicted
that as the number of MTBIs increased we would see a further

Table 1. Demographic Information for Subjects

NV MTBI 1st 2nd 3 + 1 Week 2 Weeks 3 + Weeks

Age 20.2 (0.83) 20.3 (1.53) 20 (1.5) 20.5 (1.5) 20.3 (1.7) 19.75 (1.4) 20.5 (1.5) 20.5 (1.9)
n 20 28 9 10 9 8 14 6
Male n 10 13 2 5 6 4 5 4
Fem. n 10 15 7 5 3 4 9 2
No. MTBI — 2 (0.82) 1 (0.0) 2 (0.0) 3 (0.0) 1.75 (0.9) 1.8 (0.7) 2.83 (0.4)
No. days — 11.4 (6.1) 8 (1.6) 9.7 (3.3) 16.6 (8.0) 6.4 (1.1) 10.1 (1.9) 21 (5.8)

Age, the number of mild traumatic brain injuries (MTBIs) and the number of days from injury to scanning (no. days) are averages with
standard deviations in parentheses. NV, normal volunteers; MTBI, all MTBI subjects collectively; 1st, subjects recovering from their first MTBI;
2nd, subjects recovering from their second MTBI; 3 + , subjects recovering from three or more MTBIs; 1 week, MTBI subjects that were scanned
within 7 days of injury; 2 weeks, MTBI subjects scanned 8–14 days after injury; and 3 + weeks, MTBI subjects scanned > 14 days after injury.

FIG. 1. Axial and sagittal views showing placement of chemical shift imaging (CSI) slice to acquire both the genu and
splenium regions of interest (ROIs). Superimposed grid shows voxels acquired during CSI within the inner white box and
genu and splenium ROIs outlined in black.
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reduction in NAA/Cho and NAA/Cr ratios, we saw the
opposite response. As the number of MTBIs increased, we still
saw a reduction in NAA/Cho and NAA/Cr ratios compared
with NVs, but this depression was not exacerbated by accu-
mulation of subsequent MTBIs (Fig. 3). For subjects (2nd)
recovering from their second MTBI, reductions in NAA/Cho
(F = 22.56, p = 0.000) and NAA/Cr (F = 27.74, p = 0.000) ratios
were significant, as well as for NAA/Cho (F = 11.72, p = 0.002)
and NAA/Cr (F = 27.03, p = 0.000) ratios in subjects (3 + ) with
three or more MTBIs.

In contrast to the genu, there was no significant ( p > 0.05)
main effect of group (NV vs. MTBI) or alterations of brain
metabolite ratios observed in the splenium of the corpus cal-
losum based upon the number of MTBIs. However, it should
be noted that the splenium displayed the same trend as the
genu, as the number of MTBIs increased there was not a
further reduction in NAA/Cho and NAA/Cr ratios, but a

surprising elevation compared with subjects who had only
received a single MTBI (Fig. 3). Similar to the splenium, post-
hoc analysis performed as a function of time from injury to
scanning revealed no significant ( p > 0.05) changes in NAA/
Cho, NAA/Cr, and Cho/Cr in either the genu or the splenium
of the corpus callosum.

Discussion

In this study, we used 1H-MRS to investigate the metabolic
integrity of the genu and splenium of the corpus callosum in
the subacute phase of MTBI. Additionally we examined the
effects of multiple concussions and time since injury to scan-
ning in 1H-MRS evaluation of MTBI. The major finding in this
study was that a single concussive episode, whether it was an
initial or subsequent injury, produced a significant decrease of
NAA/Cho and NAA/Cr ratios in the genu of the corpus

FIG. 2. Example of 1H-magnetic resonance spectroscopy (1H-MRS) spectra processed with jMRUI showing original, esti-
mate, individual components, and residue spectra. Individual components visualized are for N-acetyl aspartate (NAA)
(2.0 ppm), creatine (Cr) (3.0 ppm), and choline (Cho) (3.2 ppm).
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callosum. Furthermore, it appeared that there was no pro-
gressive reduction of NAA/Cho and NAA/Cr ratios in the
genu or the splenium as a result of an increase in the number
of MTBIs.

Our findings of decreased NAA/Cho and NAA/Cr ratios
are consistent with previous 1H-MRS research indicating that
concussion opens a window of brain metabolite imbalance
that is not restored to premorbid levels in subjects recovering
from concussion, even though they are clinically ‘‘asymp-
tomatic’’ (Vagnozzi et al., 2008; Henry et al., 2011). Go-
vindaraju et al. (2004) showed that there are widespread
metabolic disruptions throughout the brain in the subacute
phase of MTBI. Specifically, NAA/Cho and NAA/Cr ratios
were reduced globally, consistent with decreases in NAA and
increases in Cho. Similarly, Cohen et al. (2007), showed that
whole brain NAA levels were significantly reduced in MTBI
as well as in both white and gray matter (Belanger et al., 2007;
Govind et al., 2010; Henry et al., 2011). Other studies assessing
focal brain regions with 1H-MRS have found complimentary
results (Vagnozzi et al., 2010). Although not all brain regions
and tissue types are uniformly altered following MTBI, as
there have been differences reported in the degree of meta-
bolic alterations, tissue type, lobes, and hemispheres (Govind
et al., 2010).

It is important to note that we only observed reductions in
NAA/Cho and NAA/Cr ratios in the genu and not in the
splenium of the corpus callosum. One reason for this may be
credited to anatomical differences between these two regions
of the corpus callosum. There are local histological differences
that include: a higher density of thin fibers in the genu and an
increase in larger diameter fibers in the posterior pole (Aboitiz
et al., 1992). The genu and splenium also differ in their con-
nectivity, with the genu interconnecting the prefrontal cortex,
whereas fibers from the parietal, occipital, and temporal lobes
pass through the splenium (Park et al., 2008). There have also
been regional differences in brain metabolite levels seen by

1H-MRS between the genu and splenium within healthy NVs
and MTBI cohorts. Most notably, the genu showed higher
levels of Cho than did the splenium, and the splenium had
increased NAA compared with the genu (Cecil et al., 1998;
Degaonkar et al., 2005; Babikian et al., 2006).This would pre-
sumably have an effect on metabolite ratios that are similar to
the ones we have reported here. Another reason the genu
showed metabolic alterations may be the nature of injury in
MTBI. Finite element models of MTBI have predicted that the
brainstem and genu of the corpus callosum experience the
highest shear stress during frontal and lateral impacts (Zhang
et al., 2001), as well as the frontal lobe being the most common
site of injury following a moving head impact (Cantu, 1997).
Also, degradation of the genu of the corpus callosum as a result
of frontal lobe injury has been indicated in other neuroimaging
studies on TBI (Kraus et al., 2007; Kinnunen et al., 2011).

Our novel findings from this study are not as straightfor-
ward as was initially hypothesized, most likely because of the
complex nature of MTBI (Cantu, 2006). Contradictory to our
initial hypothesis that the history of previous successive
concussions will be further compounded in the form of lower
brain metabolite ratios, we observed a paradoxical increase in
both the genu and splenium. The most simplistic explanation
for the increases in the metabolic ratios may be solely attrib-
utable to the time since injury. As we reported, earlier subjects
recovering from multiple MTBIs on average took longer to
become ‘‘asymptomatic,’’ and as dictated by our research
protocol, all scanning was dependent upon clinical symptom
resolution. In a pilot study by Vagnozzi et al. (2008), they
looked at three athletes who were recovering from MTBI who
had received a second subsequent MTBI within 15 days of the
initial injury. They saw that the slowest rate of recovery was
within the first 15 days post-impact followed by a five times
higher accelerated rate in days 15–30. In this study, the doubly
concussed group’s 30 day scan showed significant decreases
in NAA/Cho compared with the singly concussed group’s,

FIG. 3. Bar graphs with average brain metabolite ratios for the genu and splenium of the corpus callosum. NV, normal
volunteers; 1st, subjects recovering from their first mild traumatic brain injury (MTBI); 2nd, subjects recovering from their
second MTBI; 3 + , subjects recovering from three or more MTBIs. *Denotes a significant ( p < 0.05) difference between NVs and
MTBI groups, and error bars indicate standard deviations.
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but at 45 days (30 days following the second MTBI) there were
no significant differences. To date, there is still sporadic re-
search looking at multiple MTBIs with 1H-MRS. In their ani-
mal model, Vagnozzi et al. (2005) showed that concussions
that were not within the ‘‘vulnerability window’’ acted as two
independent events, and that NAA levels after the second
concussion were not decreased further. It is also important to
note that the repeated TBIs designed and implemented in this
experiment were the same, which is hardly the case in human
MTBI, and that these subsequent impacts happened while
recovery from the initial MTBI was still in progress. This
suggests that time since injury is a major factor that needs to
be taken into consideration in MTBI research/recovery and
when comparing one versus multiple concussions.

The exact role of NAA is not known, and there are several
hypotheses as to why NAA decreases following MTBI, in-
cluding; the mitochondrial permeability of NAA causes an
increased neuronal efflux of NAA leading to reduced syn-
thesis, and an increase in degradation by oligodendrocytes
(Vagnozzi et al., 2007). It is also known that that the initial
depression of NAA following MTBI is a reversible phenom-
enon (Brooks et al., 2000, Vagnozzi et al., 2005). Whether or
not elevated NAA levels following MTBI are a recovery
mechanism or an indication of a pathological process is yet to
be determined. However, an explanation for the improve-
ment in NAA is more likely associated with metabolic re-
covery than axonal death (Brooks et al., 2000), and may be
related to physiological adaptation to the primary insult.
NAA is produced within the mitochondria of the neuron for
use in neuronal regulatory functions such as cell membrane
myelination, regulation of neuronal osmolarity, and energy
production (Baslow, 2003). Each of these processes has been
previously documented as a physiologic consequence of
MTBI (Giza and Hovda, 2001). We suggest that one reason we
observed higher NAA/Cho and NAA/Cr ratios in the sub-
jects recovering from multiple concussions than in those re-
covering from a single concussive episode may be the result of
an adaptive processes in the neuron caused by previous injury
or oxidative stress. It has been reported that mitochondrial
biosynthesis can occur as a result of hypoxia in controlled
stroke animal models (Gutsaeva et al., 2008, Yin et al., 2008).
This subsequent increase in neuronal mitochondrial density
could account for the increased concentrations of NAA seen in
athletes with a history of previous concussions, indicating a
physiological adaptation to mechanical injury in the brain.

Limitations

There are a few limitations of this study. First, in our
analysis, we based the results on metabolite ratios not abso-
lute measurements, which may weaken the magnitude of
measured changes if both metabolites are similarly affected
(Govindaraju et al., 2004). Moreover, recent 1H-MRS studies
have drawn into question the reliability of Cr as a divisor in
metabolite ratios, as its concentrations may vary and may
contribute to alterations in metabolite ratios (Munoz Maniega
et al., 2008; Gasparovic et al., 2009; Yeo et al., 2011). As is the
nature of MTBI, all injuries are unique, and many areas of the
brain can be affected to varying degrees. There are differences
in the ROIs under study, inclusion criteria, and time since
injury throughout the MTBI literature that may lead to dis-
crepancies among studies. Second, 1H-MRS metabolic infor-

mation is obtained from a small area of the brain, although
voxel sizes are relatively large and the corpus callosum is well
known to be a target area for TBI (Marino et al., 2010). All data
collected were from the most recent episode of concussion and
there was no 1H-MRS information relating to previous con-
cussions available. Even though the subjects in this study
were clinically ‘‘asymptomatic’’ and scanned within 24 h of
being cleared by a medical professional, this cohort of subjects
was restricted to collegiate athletes.

Conclusion

In conclusion, MTBI proves to be a complex pathology, and
more intricate research strategies need to be implemented to
gain even subtle insights. Our major findings partly support
our initial hypothesis that in the subacute phase of MTBI,
there will be alterations in brain metabolites; however, the
effect of multiple MTBIs on brain metabolites requires further
exploration. Future studies investigating the effects of multi-
ple concussions are needed in order to shed light on the dif-
ferences that subsequent concussions may have on the brain
morphology, physiology, and function.
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