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Traumatic brain injury (TBI) results when forces acting upon
the head interrupt normal brain function. This type of injury
is especially prevalent in children, resulting in over 475,000
emergency department visits each year [1]. In its most severe
form, head trauma accounts for 80% of the traumas that lead
to death in children, including falls, motor vehicle accidents,
and abuse, making it one of the leading causes of death. In
addition, “mild” traumatic brain injury (mTBI), otherwise
known as concussions, are also a great concern, especially in
children ages 0—4 years where the rates of head injury are
highest compared to all ages, including adults. Sports-related
head injuries are also becoming of increasing concern, espe-
cially in older children where 18% of head injuries were
sports-related and where the long term effects are unknown.

Magnetic resonance spectroscopy (MRS) offers a unique
tool for ascertaining the physiological changes that occur
after a traumatic brain injury. What is the metabolic profile of
the brain after traumatic injury? Studying head trauma with
MRS, as with any tool, is inherently challenging. The type
and severity of injury and the time after injury when an MRS
study is performed will vary unavoidably. It is therefore
expected that the pattern of MR spectroscopy of head trauma
is heterogeneous reflecting the different location, degree, and
stage of injury and different physiologic and pathologic
response of the brain to injury in individuals. There is no sin-
gle characteristic “finger print” for trauma. As studies emerge,
it appears that the brain biochemistry is reflective of this spec-
trum of traumatic brain injury. As such, this chapter will focus
on the metabolic changes observed in the acute and chronic
stages of severe traumatic brain injury as well as the acute and
chronic stages of mild traumatic brain injury.
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Severe Traumatic Brain Injury

Traumatic Brain Injury Is (Almost) Always
Associated with a Decrease of NAA in White
Matter and Gray Matter

Reduced NAA (or NAA/Cr ratio) after traumatic injury due
to diffuse axonal injury and neuronal loss has been consis-
tently reported [2]. The qualifier, “almost”, should not be
interpreted as an indicator that there is traumatic head injury
without any neuronal/axonal loss. Slightly varying normal
levels of NAA in individual subjects, inaccuracies of the MR
method, and the absence of a pre-injury baseline scans make
it difficult to detect small decreases of NAA in less severe
injury [3]. Also, if MRS is carried out soon (within 24 h) after

initial injury, a loss of NAA may not yet be established [4].

Is recovery of NAA a marker for healthy neurons and axons?
If yes, what is the interpretation? Clinical as well as animal stud-
ies are indeed strongly suggestive for a recovery of NAA in both
white and gray matter [5—7]. In patients with moderate to severe
traumatic brain injury, a continuing decrease of NAA consistent
with continuing neuronal loss (or metabolic dysfunction) was
observed for gray and white matter at 1.5 and 3 months after
injury in longitudinal studies. However, in both brain regions an
increase of NAA, albeit to levels that were still less than normal,
was observed at the 6-months follow-up study [5].

Assuming that there is no neurogenesis this observation is
likely due to one or a combination of the following mechanisms:
(a) Surviving neurons can sprout healthy fibers into the

spaces once occupied by damaged axons. This increases
the partial volume of healthy axons and will thus increase
the measured NA A concentration. This mechanism would
predict a more substantial recovery in fibrous white mat-
ter than in gray.

(b) Neurons that reestablish their connections start to
increase communication with each other. A tight cou-
pling between cerebral glucose metabolism and (gluta-
mate) neurotransmitter flux in humans has been proposed
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by Magistretti [8]. Although this theory is not univer-
sally accepted, it would explain a higher rate of glycoly-
sis and TCA-cycle activity as neurons resume their
communication with neighboring neurons. Since NAA
reduction has been associated with mitochondrial dys-
function in experimental head trauma [9], it can at least
be speculated that mitochondrial NAA synthesis may
increase with a normalization of neuronal activity.

(c) After injury, consolidation of remaining intact tissue and
atrophy is well documented by neuropathological studies
and by cortical atrophy on MR images. Thus the relative
number of healthy neurons and axons per tissue volume
will actually increase and a more prominent NAA peak
will be observed.

(d) NAA can increase or decrease in response to hyper-
osmolar or hypo-osmolar states.

Total Choline Is Elevated

Most of the choline in human brain is stored in large, water
insoluble molecules and rendered MR invisible under normal
circumstances. Elevated total choline would be expected in
head trauma because of at least three mechanisms:

(a) In acute injury, choline-containing metabolites may be
released to the MR-visible pool as a result of shear injury
and damage to cell membranes and myelin. It is known
that free choline accumulates rapidly in necrotic tissue
[10, 11]. This mechanism therefore offers an explanation
for elevated choline in acute and sub-acute injury. In the
spectrum of acute and severe injury (Fig. 7.1), tCho was
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Fig.7.1 The MRS and T2-weighted MRI of a child (17 months old at
time of event) 4 days after traumatic brain injury (leftf) and 2% years
after injury (right). The MRI report at baseline mentions an increase of
signal intensity in the parietal lobes at the vertex bilaterally. The sulci
were effaced in that region as well. MRS changes were dramatic. NAA
was reduced to 35% of normal and lactate, not detectable in normal
brain, was strikingly prominent. Cr and ml were also reduced to 75% of
normal whereas tCho was elevated (135% of normal). Glutamine was
threefold higher than normal. There is only a small increase in the lipid
signal at this early stage after injury. MRS is consistent with severe

35% above normal. Free choline can be taken up by the
cells and recycled to form phosphatidylcholine (PtdCho).

(b) Increased synthesis of cell membranes during repair
might result in higher levels of total choline. For example,
both the newborn (fast growing) brain and many tumors
with a high rate of cell duplication have elevated total
choline indicating up-regulation of membrane precursor
production. Of the choline containing compounds, it is
now phosphocholine (PC) which is expected to be above
normal. Unfortunately the MR signal of free choline and
PC cannot be separated with proton MRS in vivo. Proton-
decoupled phosphorous MRS would be required for this
task, which is available only at very few sites.

(c) In patients with more chronic injury, an alternative expla-
nation could be diffuse glial proliferation which is known
to be associated with increased tCho but also with ele-
vated ml and Cr [12-14]. Indeed, Ross et al. [15] observed
in some subjects elevated ml, tCho, and Cr persistently
in white matter even 18 months after injury. In that study
ml, tCho, and Cr were essentially normal in gray matter.
This would be consistent with glial proliferation pre-
dominantly in the white matter. The authors of that study
also offered as an alternative explanation for the generally
elevated metabolite concentration: the possibility that
the white matter is in a hyper-osmolar state.

Indeed, elevated tCho or tCho/Cr ratios were reported
by a number of investigators [5, 15-19]. In longitudinal
patient studies, tCho was significantly increased at 1.5
months for both gray and white matter and remained
elevated 3 and 6 months after injury, with a trend (not
significant) to lower tCho concentrations [5].
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hypoxic injury subsequent to low/disrupted perfusion and poor out-
come was predicted in the MRS report. Follow-up MRI shows general
volume loss. The ROI selected for MRS is similar to the anatomy cho-
sen for the initial study. Due to the massive atrophy little brain tissue is
included and the spectrum shows lactate (possible from CSF) and only
traces of creatine and choline. No trace of NAA is detected indicating
that any tissue within the ROI does not contain viable neurons or axons.
Clinical outcome was poor (nonverbal, seizures, dystonia, spasticity,
profound cognitive loss). Spectra were acquired using a PRESS
sequence with TE=35 ms. at Children’s Hospital Los Angeles
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Magnetic Resonance Spectroscopy of Acute
Severe Brain Injury with Disruption or
Significantly Impaired Perfusion Resembles
That of Hypoxic Brain Injury and Lactate

Is a Predictor for Poor Outcome

In acute and severe injury, increased lactate and lipids also
accompanies the reduction of NAA in gray and white matter
ROI’s are markers of neuronal/axonal loss and cell death.
Lactate is the product of anaerobic glycolysis and increases
when subsequent oxidation of lactate in the TCA-cycle is
impaired (for example by lack of oxygen or mitochondrial
disorders). As a result, the MRS pattern of lactate resembles
that of hypoxic injury due to global anoxia (Fig. 7.1). Several
groups found that lactate found in acute injury may be useful
to predict outcome [15, 17, 20-22].

Lipid signals increase when there is breakdown of cell
membrane and release of fatty acids. Lipids are therefore
important markers for severe brain injury. Lipids appear to
be more prominent in children. Particularly prominent lipid
peaks were reported by Haseler et al. [21] in “shaken babies”
with poor outcome.

Concentrations of Cerebral Metabolites Are
Reduced in Patients with Clinically Diagnosed
Syndrome of Inappropriate Antidiuretic
Hormone Secretion and Low Serum Sodium

Syndrome of Inappropriate Antidiuretic Hormone Secretion
(STIADH) is a frequently observed feature of head injury.
Because the metabolites of the 'H spectrum can also function
(to variable degrees) as osmolytes, systemic changes can be
observed. Absolute quantitation of metabolite concentrations
is necessary to depict this condition because a reduction of all
metabolites is not apparent when peak ratios are analyzed. The
reduction persisted weeks after Na+returned to normal [15].

MRS Can Detect Widespread Injury: In
Radiologically Normal Appearing Tissue!

MRS confirms that traumatic brain injury is associated with
damage at the microscopic level throughout the brain. This
has been—unintentionally—confirmed by all those single-
voxel MRS studies of normal appearing tissue where investi-
gators selected different regions of interest (although most
investigators pick well established parietal white matter and
occipital gray matter locations). Spectral abnormalities were
reported in all those studies. Obviously, it is more elegant to
employ CSI where widespread metabolic abnormalities
apparently affecting radiologically normal appearing tissue
is readily detectable in individual subjects (Fig. 7.2).

Control

TBI patient

Fig. 7.2 Three Tesla magnetic resonance spectroscopic imaging data
(STEAM, TE=20 ms) in traumatic brain injury. The data in the right
panels were acquired from a 20-year-old male patient who had suffered
a motor-cycle accident (Glasgow Coma Scale=3) 84 days previously.
Although the primary site of injury was frontal, the metabolite images
show widespread decreased N-acetyl-aspartate and elevated choline
and myo-inositol throughout this radiologically normal-appearing brain
slice. Comparison metabolite data from an uninjured 27-year-old male
are shown in the left panels. The color map corresponds to metabolite
concentrations expressed in institutional units (unpublished data,
Hoglund Imaging Center, University of Kansas Medical Center)

Widespread injury is consistent with the fact that recovery of
patients is not well explained by purely focal injury. Rather,
it is more likely that the overall behavioral recovery is related
to the severity and location of the injury averaged over the
whole brain.
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Returning to the question of where to measure, the added
value of measuring the metabolic profile of apparently nor-
mal tissue has been demonstrated by Holshouser et al. [23].
They used susceptibility (T2*) weighted MRI to depict
regions of non-hemorrhagic and of hemorrhagic tissue after
injury. CSI was then utilized to analyze biochemical changes
in hemorrhagic and non-hemorrhagic regions. They found
that biochemical changes in apparently normal appearing
tissue predict outcome better than alterations in lesions.

The selection of an appropriate region of interest is
another problem. As mentioned above, the metabolic
fingerprint of tissue depends on tissue type. Accuracy in pre-
scribing a region of interest (and proper documentation for
longitudinal studies!) is of great importance in particular for
single voxel studies. It is therefore recommended to study
brain regions where MRS works and where normal MRS
data are readily available for comparison. Two very popular
choices are parietal white matter and occipital gray matter
which have been studied frequently in head trauma with sin-
gle voxel MRS [5, 15, 21]. MR spectra of normal gray matter
and white matter differ slightly. NAA is present in approxi-
mately equal concentration. Creatine is *20% higher in gray
matter whereas tCho is slightly higher in white matter.
Focusing on a small number of well-studied regions may be
less of a limitation than one might think. As shown below,
alterations of the metabolic state throughout the brain have
been observed in traumatic brain injury. When studying head
trauma (with single-voxel MRS) one should also avoid
acquiring MR spectra from ROIs with obvious focal injury
for two reasons: (1) It is most likely, and unsurprising, that
metabolism will be abnormal in visibly injured areas and
hence MRS does not add very much to MRI. (2) A prerequi-
site for good quality spectra is a highly homogeneous mag-
netic field within the region of interest. The presence of
blood or blood products, often associated with lesions in
TBI, reduces the homogeneity of the local magnetic field due
to iron accumulation. Accurate prescription of the region of
interest is less a problem for CSI where spectra from a whole
slice are being obtained and the position of individual voxels
can be adjusted retrospectively via voxel shifting. However,
currently CSlI is less reproducible than single voxel methods,
particularly at the short echo times necessary to evaluate glu-
tamate levels.

Magnetic Resonance Spectroscopy, a Predictor
of Outcome?

Considering that the extent of the decrease of NAA can be
seen as a quantitative marker for neuronal loss, questions
arise whether MRS can be used to predict outcome and if so,
at what (earliest) time after injury can prognostic informa-
tion be obtained. Significant reduction of NAA, the presence
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Fig. 7.3 NAA concentrations at 1.5 months after injury versus the
composite neuropsychological z-score. A significant correlation was
found. Patients with lower NAA concentration have significantly
poorer overall cognitive function. (Figure provided by Seth Friedman
Ph.D. and reproduced with permission from S.D. Friedman, W.M.
Brooks, R.E. Jung, et al. Quantitative proton MRS predicts outcome
after traumatic brain injury Neurology 1999;52(7):1384-1391, with
permission.)

of lipids and elevated lactate are markers of severe (hypoxic)
brain injury and MRS as early as 2-5 days after injury
(Fig. 7.1) might be a useful tool for triage of patients who
remain unconscious several days after injury [15, 17, 20-22].
In less devastating injury, Friedman et al. [18] found that
NAA concentrations in occipital gray matter measured 1%2
months after injury predicted overall neuropsychological
performance measured at 6 months after injury (Fig. 7.3) and
correlated with the Glasgow Outcome Score (GOS).

Other measures of metabolites were not predictive in this
study. The prognostic value of MRS in occipital gray matter
alone is quite remarkable, considering that other important
parts of the brain sensitive to shearing injury were not evalu-
ated in this study. For example, marked decreases of NAA
have been reported for sites such as the corpus callosum [24]
and frontal lobe [16, 19, 25]. Still, in this cross-sectional study
considerable differences of NAA were observed in patients
with comparable neuropsychological scores. This cannot be
seen as evidence that NAA is an imperfect marker for neu-
ronal loss. As mentioned above, variations of baseline NAA
levels (and baseline neurological function) are obviously not
accounted for. Therefore the loss of NAA, which is suppos-
edly proportional to the loss of neurons, can only be deter-
mined relative to mean NAA in a control group. One wonders
whether subjects with high risk for head injury should be stud-
ied with prospective MRS to obtain baseline values for NAA.

Another study by Shutter et al. [26] has demonstrated that
other metabolites such as glutamate and glutamine and cho-
line have shown predictive value, particularly when incorpo-
rating different metabolites from different areas of the brain.
For example, GOS at 1 month was best predicted from ratios
of NAA/Cr and GIx/Cr from the posterior white matter with
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Table 7.1 Meta-analysis of current MRS studies in mild traumatic brain injury

Reference MRS Method Post injury Location Findings

Cecil et al. 1998 [52] 1.5 T; STEAM SV, 9 days—several years ~ Splenium (WM) INAA/Cr
TE=31 ms

Garnett et al. 2000 [53] 1.5 T; STEAM SV, 3-35 days Centrum semiovale INAA/Cr, 1Cho/Cr, |NAA/Cho
TE=30 ms (WM)

Govindaraju et al. 2004 [54] 1.5 T; volumetric CSI, 2-30 days WM regions INAA/Cr, 1Cho/Cr, [NAA/Cho
TE=70 ms

Kirov et al. 2007 [55] 3 T, PRESS CSI, 6 days—8 years Thalamus L[NAA], |[Cr], |[Cho]
TE=135 ms

Cohen et al. 2007 [56] 1.5 T, Whole brain NAA, 1 day-8 years Whole brain 1INAA]
TE=0 ms

Nakabayashi et al. 2007 [57] 1.5 T, STEAM SV, 1week, 1 month Frontal and temporal INAA/Cr early
TE=144 ms WM 1Cho/Cr late

Vagnozzi et al. 2008 [37] 3T, PRESS SV, TE=144 ms 3, 15, and 30 days Frontal WM INAA/Cr

Gasparovic et al. 2009 [58] 3 T, PRESS SV and CSI, 4-19 days GM, WM, Splenium 1Crin WM, Spl
TE=40 ms 1Glx in GM

Abbreviations: STEAM stimulated echo acquisition method, PRESS point-resolved spectroscopy, SV single voxel, CSI chemical shift imaging, TE
echo time, ms milliseconds, WM white matter, GM gray matter, NAA: n-acetyl aspartate, Cr creatine, Cho choline; Glx glutamate/glutamine, Sp/

splenium

an accuracy of 78% in comparison with motor GCS, which
had an accuracy of 62%. However, GOS at 6 months was
best predicted with NAA/Cho and Cho/Cr from the posterior
white matter combined with GIx/Cr from the occipital gray
matter, increasing the accuracy up to 94% compared with
motor GCS which remained low at 67% at 6 months. It is
also important to note, however, that MRS is not a replace-
ment for clinical evaluation as this same study found that the
combination of MRS ratios and motor GCS provided the
most accurate prediction of outcome (97%) when utilized
together. This demonstrates that MRS is highly complemen-
tary to existing TBI measures and used in conjunction may
provide the greatest diagnostic value to TBI victims.

Mild Traumatic Brain Injury

Mild traumatic brain injury (mTBI) is defined by the Mild
Traumatic Brain Injury Committee of the Head Injury
Interdisciplinary Special Interest Group of the American
Congress of Rehabilitation Medicine as a TBI where the
severity of the injury does not exceed the following [27]:
* Posttraumatic amnesia not greater than 24 h
e After 30 min, an initial Glasgow Coma Scale (GCS) of
13-15
* Loss of consciousness of approximately 30 min or less
In addition, persons that have undergone mild TBI will
suffer at least one of the following conditions: any period of
loss of consciousness; any loss of memory for events imme-
diately before or after the accident; any alteration in mental
state at the time of the accident (e.g., feeling dazed, disori-
ented, or confused); and focal neurological deficit(s) that
may or may not be transient.

Mild traumatic brain injury is the most prevalent form of
TBI, accounting for approximately 70% of the TBI that occur.
Furthermore, 15-30% of mild TBI are so-called malingering
TBI where symptoms persist beyond 1 year or more. Even
though this type of TBI is called “mild”, the effect on the fam-
ily and the injured person can be significant, resulting in
symptoms such as headache, difficulty thinking, memory
problems, attention deficits, mood swings, and frustration.

‘While a majority of the MR spectroscopy studies have focused
on severe traumatic brain injury, recent literature has increas-
ingly focused on this more mild form of brain injury, showing
long-term effect sometimes decades after the initial injury.
Table 7.1 summarizes some of the major studies of mild TBI.

In summary, these mTBI studies find that NAA, a putative
neuronal/axonal marker, is decreased in white matter (WM)
regions such as the splenium, centrum semiovale, and frontal
white matter. Decreases in NAA have been found in other dis-
eases as well [28] and although there is some debate, it is gen-
erally accepted in the literature as an indicator of neuronal/
axonal health. These studies show that in mTBI, there is
definitive axonal/neuronal loss particularly in the WM where
fiber tracts are found which correlates well with diffusion ten-
sor imaging studies that have found similar results [29].
Secondary findings such as changes in choline, a marker for
cellular proliferation or tissue damage, are inconsistent
throughout the studies. It is important to note that some studies
have shown changes in creatine, an energy marker but more
importantly a commonly used internal reference used for
metabolite ratios (i.e., NAA/Cr, Cho/Cr). The assumption is
that Cr is generally unchanged in normal brain tissue however
if it is affected by mTBI, metabolite ratio measurements would
not be accurate as it would be difficult to assess if changes in
ratios is due to the metabolite of interest or Cr itself.
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Fig. 7.4 Scatterplot demonstrating the different time course of NAA
recovery in athletes having single or double concussive injury, as
expressed by the NAA-to-Cr ratio determined by 1 H-MR spectros-
copy. The second concussion (occurring between the 10th and the
13th d after the first insult) either provoked a further slight NAA
decrease or significantly delayed the process of NAA restoration,

Acute Sports-Related Concussion

An estimated 1.8-3.8 million sports-related concussions
occur each year in the United States [30]. There is increasing
recognition of immediate and long-term neurological prob-
lems from these injuries, including headaches, dizziness,
behavioral changes, and problems with memory and atten-
tion [31]. Some evidence is being accumulated on neuro-
chemical effects of head trauma in general and concussion in
particular, including a number of changes in key neurochem-
ical levels in the brain (see below).

Sports-related concussions are a major problem in pediat-
rics [32]; according to the Center for Disease Control, 1015
year olds have the highest rate of SRC compared to other age
groups [33], and studies have shown that younger athletes
require longer recovery times [34]. Despite the magnitude of
the clinical problem, there is no information on the neuro-
chemical effects of concussion in this age group, which may
be pronounced due to their earlier developmental stage.

Sports-related TBI are generally milder head injuries. To
date, there are only three studies that have focused specifically
on sports-related TBI: Cimatti et al. [35] found that NAA
decreased in two of six adult athletes after head trauma. Henry
et al. [36] showed a significant decrease in Glx and NAA in
the primary motor cortex and NAA in the prefrontal cortex in
14 concussed compared with non-concussed athletes (ages
20-25 years). Vagnozzi et al. [37] showed in 13 concussed
athletes (ages 22-25) a decrease of 18.5% in NAA, with mod-
est recovery at 15 days and full recovery at 30 days. Most
importantly, this study also showed that in those with second

which was completed at 45 days instead of at 30 days post-injury.
(From Vagnozzi R, Signoretti S, Tavazzi B, et al. Temporal Window
of Metabolic Brain Vulnerability to Concussion: A Pilot 1 H-Magnetic
Resonance Spectroscopic Study in Concussed Athletes-Part III.
Neurosurgery. 2008;62(6):1286—1296, with permission.)

concussive injuries that took up to 45 days to fully recover,
NAA levels did not seem to return to the same level as in
those with a single head injury (Fig. 7.4). This has significant
implications for the hypothesized cumulative effects of head
injury. Unfortunately there are no studies that have been con-
ducted in children and therefore it is unclear whether the same
mechanisms are invoked after head injury.

Chronic Sports-Related Head Injury

It is believed that the cumulative head trauma experienced by
these athletes is responsible for neurodegenerative changes,
which, over time, result in a progressive decline of memory
and executive functioning [38]; mood and behavioral distur-
bances that include depression, apathy, impulsivity, anger, irri-
tability, suicidal behavior [39], and aggressiveness [40, 41];
gait changes that resemble Parkinsonism [40]; and, eventually,
progression to dementia [40]. Previously referred to as demen-
tia pugilistica due to its strong association with boxing [42,
43], the chronic effects of head injury has been identified as
chronic traumatic encephalopathy (CTE). Autopsy studies by
the Boston University Center for the Study of Traumatic
Encephalopathy (BUCSTE) and others also reveal a distinct
pattern of neuropathological changes in CTE, including:
extensive tau-immunoreactive inclusions scattered throughout
the cerebral cortex in a patchy, superficial distribution, with
focal epicenters at the depths of sulci and around the cerebral
vasculature; extensive tau-immunoreactive inclusions in lim-
bic and paralimbic regions as well as brainstem nuclei; gener-
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Fig.7.5 Representative
spectrum of conventional 1D
MRS (top) and 2D COSY MRS
(bottom) of a 34-year-old male
professional motorcross racer
with a long history of repetitive
head injury starting at age 9 and
through high school and college.
Symptoms of CTE include
memory loss, anger issues, and
confusion. Data acquired at
Brigham and Women’s Hospital

alized atrophy and enlarged ventricles; specific atrophy of the
frontal and medial temporal lobes; degenerations of white
matter fiber bundles; cavum septum pellucidum, often with
fenestrations; thinning of the hypothalamic floor and shrink-
age of the mammillary bodies; and a relative absence of beta-
amyloid (AP) deposits. [40] The BUCSTE has examined over
24 brains of deceased athletes. Neuropathological evidence of
CTE has been found in 12 of 12 football players examined to
date, three of whom only played in high school and college.
CTE was also found in a deceased former professional hockey
player, and we have found the initial evidence of the disease in
an 18-year-old boy who died after having had multiple sports-
related concussions. These initial findings suggest that CTE
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may be more common than previously known, and may
develop without involvement in professional sports. Given the
millions of youth, high school, and collegiate athletes partici-
pating in contact sports involving head trauma, CTE may rep-
resent an important and previously under-recognized public
health issue.

Recently MRS was used to study neurochemical levels in
five professional athletes, ages 31-54 years, with histories of
concussions and subconcussive trauma. The higher Cho and
Glx are statistically significant. In 1D MRS many of the res-
onances are composite or overlap. Two dimensional (2D)
MRS, COrrelated SpectroscopY (COSY), can be employed
to separate them in a second frequency [44, 45] (Fig. 7.5).
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While it is possible to use spectral editing techniques to iden-
tify metabolites that overlap in 1D MRS, the advantage of
the 2D COSY method is that the second frequency reveals all
chemical species within a single scan [46].

In addition to the Cho and GIx changes, the following
neurochemicals have been shown to be involved in severe
traumatic brain injury, and can be measured with 2D COSY:
* Aspartate (Asp): An excitatory amino acid released into

extracellular space after head injury [47].

e Possibly threonine (Thr): A structural amino acid that
appears to be released when tissue is damaged [48].

e Lipids (Lip) and macromolecules (mac): Acute brain
injury initiates a metabolic cascade that includes activa-
tion of phospholipase resulting in the accumulation of
lipid and macromolecules [49].

e Possibly gamma-aminobutyric acid (GABA) and histi-
dine (His): Both are inhibitory neurotransmitters. GABA
is initially increased in the brain after head injury and
thought to play a neuroprotective role [50]. Histidine has
been shown to be excreted for an extended period of time
after head injury [46, 51].

It is thought that blows to the skull cause an immediate
disruption of neuronal membranes resulting in a massive
efflux of potassium into extracellular space that triggers the
calcium-dependent release of excitatory amino acids, further
stimulating potassium efflux and resulting in a cascade of
neurochemical effects on both the acute and long-term level
[32]. The ability to measure these metabolites in vivo and
noninvasively will provide an important window into the
molecular pathophysiology of pediatric sports concussion.

Conclusions

MRS is a unique non-invasive method to study metabolism
of tissue in vivo. Proton spectroscopy and in particular the
quantitation of NAA, lactate, total choline, and lipids provide
unique information about the status of the brain following
acute and chronic head trauma.
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